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Personalized ventilation delivers conditioned outdoor air directly to occupant’s breathing zone 
and provides him/her with individual control over the local thermal environment, making it pos-
sible to compensate for the large individual differences in preferred environmental variables. By 
far most reported studies on PV were performed in temperate climates but few in hot and humid 
climates. The present study was embarked upon with the objectives of evaluating the perform-
ance of three prototypes of air terminal devices (ATD) for PV and investigating tropi-
cally-acclimatized subjects’ response to the local environment created with PV. 
 
This study consisted of three series of physical measurements of the local environment created 
with the three ATD prototypes and a small-scale subjective experiment involving 24 tropically 
acclimatized participants. 
 
The three ATD prototypes involved in this series of physical measurements were: circular per-
forated panel supplying personalized air at low initial turbulence intensity (Low-Tu CPP), cir-
cular perforated panel supplying personalized air at high initial turbulence intensity (High-Tu 
CPP), and desktop-mounted grille with adjustable horizontal vanes (DMG). The measurements 
were performed with a breathing thermal manikin in a controlled environmental chamber. The 
performance of the ATDs were evaluated using indices including personal exposure effective-
ness (εp), inhaled air temperature (tinh), facial and whole-body cooling effect (∆teq), and draft 
rating (DR). 
 
The Low-Tu CPP and High-Tu CPP were tested under identical conditions: four combinations 
of ambient and personalized air temperatures (26/26, 26/23.5, 23.5/23.5, and 23.5/21°C) and 9 
personalized air flow rates ranging from 3 to 17L/s for Low-Tu CPP and 3 to 18.8L/s for 
High-Tu CPP. Results have shown that both CPPs were able to enhance the portion of fresh 
 vi
personalized air in the inhaled air, lower the tinh, and provide more cooling effects (∆teq) as 
compared with reference conditions without PV. Under a given temperature combination, per-
sonalized air with low turbulence intensity led to significantly higher εp, lower tinh, and greater 
facial ∆teq over the flow rate range studied. Under an identical condition, the Low-Tu CPP also 
yielded significantly greater DR than High-Tu CPP because the effect of the low air temperature 
and high velocity achieved with the former at the measuring point outweighed that of the high 
turbulence intensity generated by the latter. 
 
The DMG with its adjustable vanes directed towards the manikin’s breathing zone, i.e. ap-
proximately 60° from the horizontal, was tested under temperature combinations of 26/26, 
26/23.5, 26/21, 23.5/23.5, and 23.5/21°C at 10 flow rates ranging from 2 to 12.2L/s. At flow rate 
of 12.2L/s, the DMG reached the maximum εp of 0.7, maximum decrease of tinh by 5.1°C, and 
maximum ∆teq (-7.2°C for facial parts and -0.9°C for whole-body). Decrease in ambient tem-
perature from 26°C to 23.5°C resulted in lower εp and ∆teq due to the increased strength of the 
free convection flow around the manikin. Additional measurements performed with the vanes at 
45° and 20° indicated that the 60° was the optimal angle to deliver inhaled air of best quality (εp 
and tinh) and strongest facial ∆teq. Comparison between the DMG and Low-Tu CPP revealed that 
the DMG yielded a significantly higher εp but slightly higher tinh than the Low-Tu CPP under a 
given condition. The relative difference in facial ∆teq and DR between the two ATDs depended 
upon the flow rate. 
 
The three series of physical measurements with the breathing thermal manikin were supple-
mented with a small-scale experiment with tropically acclimatized subjects. The experiment was 
aimed at investigating responses of tropically acclimatized subjects to the local thermal envi-
ronment created with the Low-Tu and the High-Tu CPPs respectively, with emphasis being 
placed upon their perception of inhaled air quality and temperature, facial and whole-body 
thermal sensation, as well as facial air movement perception and acceptability. Twenty-four 
subjects in group of 6 participated in 15-minute exposures to 48 experimental conditions – 4 
 vii
temperature combinations by 6 personalized air flow rates by 2 CPPs – in a reasonably random-
ized order. The results revealed large individual variability in perception of air quality and ther-
mal environment created. Subjects’ perceptions were strongly affected by the personalized air 
flow rate, temperature, turbulence intensity, and the ambient air temperature. Fairly strong cor-
relations were found between facial and whole-body thermal sensation and between facial air 
movement perception and acceptability and multiple linear regression models were established 
for perceived inhaled air quality and temperature as a function of other responses. Mean subjec-
tive responses were found to be well correlated with the corresponding physical parameters 
measured with the manikin with the exception of inhaled air quality. 
 
A noteworthy observation was that calculated draft rating below 60% was judged to be accept-
able by the tropically acclimatized subjects: higher facial air movement acceptability despite 
higher draft rating. This underpinned the previous finding of the PV pilot study in tropical cli-
mate (Sekhar et al., 2003a, 2005) and identified a much broader range of draft rating (up to 60%) 
within which facial air movement were perceived by the tropically acclimatized subjects to be 
increasingly acceptable at higher draft rating values. When the draft rating was higher than 60%, 
the acceptability decreased. The significant implication of this finding is the tropically acclima-
tized subjects’ preference to cool and strong air movement to a great extent eliminates the need 
to make a comprise between improved inhaled air quality and intensified risk of local thermal 
discomfort due to draft – a problem that applications of PV in temperate climates have widely 
identified and been confronted with. Thus, in tropical climates, the design of PV ATD aiming 
for delivering cool inhaled air containing high percentage of fresh personalize air would be less 
constrained by the consideration of potential draft risk caused by close position of ATD in rela-
tion to occupants and strong local air movement. A properly-designed PV system, applied in 
tropical context, would have greater potential to achieve good quality of inhaled air and promote 
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Chapter 1 Introduction 
Chapter 1 Introduction 
 
1.1 Background 
In current practice, the ventilation system most commonly used is total-volume ventilation, 
which comprises two main principles: mixing and displacement. The strategy of the mixing 
ventilation is to control the temperature and/or volume of the air supplied through the ceil-
ing-based diffusers to maintain a uniform indoor temperature distribution over space and rela-
tively constant over time. Such system is designed to, through supply air jet momentum and 
buoyancy, promote complete mixing of supply air with room air, whereby the entire volume of 
air in the space can be maintained at the desired set-point temperature and adequate quantity of 
conditioned outdoor air is delivered to the occupants. Nevertheless, the supply diffusers, usually 
mounted overhead, are far from the occupants and thus the supply air at a low contaminant 
concentration is mixed with the contaminated room air by the time it reaches the inhalation zone 
of the occupants. 
 
In a displacement ventilation system, the cool supply air is delivered at a low velocity (e.g. 
0.25-0.35m/s) through large-area supply devices close to the floor level, spreads over the floor 
area, and then rises through the room by a combination of momentum (lateral) and buoyancy 
forces. Unlike mixing ventilation where the driving force is mainly the momentum of supply air, 
here the momentum is usually small and the buoyancy is the dominant force for creating the 
room air movement. The buoyancy is caused by the presence of people or warm surfaces such 
as computers. Thus, air temperature and contaminant concentrations develop vertically, with 
cool and less contaminated air at low level and warm and more contaminated air at a higher 
level of the space. Therefore, this system has the potential to achieve considerably higher venti-
lation efficiency in the occupied zone at lower supply air volumes as compared to the mixing 
ventilation system. However, the supply diffusers, especially those sidewall-mounted, are also 
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far from the occupants and thus the original clean air is contaminated by materials that are in 
contact with it. A field study in rooms with displacement ventilation has shown that almost 50% 
of occupants were dissatisfied with the air quality (Naydenov et al., 2002). Furthermore, the 
draft at feet caused by the cool supply air and thermal asymmetry due to vertical temperature 
gradient are prone to incur local thermal discomfort. Such risk becomes higher for office con-
figurations with higher heat load densities, which require larger amount of cool supply air. 
 
In practice, the ventilation systems are operated to maintain indoor environmental conditions 
that are in compliance with requirements prescribed by certain standards and guidelines. The 
ASHRAE Standard 55 (2004) and International Standard ISO 7730 (1994) specify a comfort 
zone, representing the optimal ranges and combinations of independent environmental variables 
(air temperature, mean radiant temperature, air humidity, and air velocity) and personal vari-
ables (clothing thermal insulation and physical activity level [metabolic rate]), in which 80% or 
more of the sedentary or slightly active occupants are expected to perceive the environment as 
thermally acceptable. Nevertheless, occupants’ physiological and psychological responses to the 
indoor thermal environment differ to a great extent due to difference in clothing, activity, indi-
vidual preference to air temperature and movement, time response of the body to changes of 
room temperature, and so forth. In some situations, in one office the thermal insulation of occu-
pants’ clothing may vary from 0.35 up to 1.2 clo and their activity levels may range between 1 
and 2 met (ASHRAE, Handbook of Fundamentals, 2001). Even an individual’s preference for 
thermal conditions may vary from one day to another, from one hour to another, and even on 
different occasions on the same day. Fanger (1973) found the intra-subject standard deviation, 
defined for the same subject on different days, was 0.6°C. 
 
Large interpersonal differences in preference for and sensitivity to air temperature and velocity 
have been observed in a number of studies. Grivel and Candas (1991) found the individual dif-
ference in preferred air temperature might be as great as 10°C. A field study of ten office build-
ings (Schiller et al., 1988) found that, even when the buildings were maintained within the 
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stipulated comfort zone, a minimum of 40%, a percentage larger than expected, of office work-
ers, were not satisfied with their thermal environment while at work. Some workers would pre-
fer to feel warmer, while others in nearby workstations would prefer to feel cooler. In a climate 
chamber, subjects exposed to identical environmental conditions would prefer more, less, or no 
change in air movement (Toftum et al., 2002). A study of spot-cooling with air jets (Melikov et 
al., 1994a, 1994b) identified large individual differences among human subjects in terms of 1) 
physiological response, e.g. at equal room and air jet target temperatures of 28°C, the minimum 
and maximum rates of evaporated and non-evaporated sweat loss were 140g and 406g and 9g 
and 46g, respectively; 2) rating of the thermal environment, e.g. under identical environmental 
conditions, subjects’ thermal sensation differed by up to 4 points on the 9-point thermal sensa-
tion scale; and 3) preferred air velocity, e.g. under identical environmental conditions, the 
minimum and maximum velocities selected by subjects differed by a factor of five. Fountain et 
al. (1994) studied the preferred local air movement generated by three devices and found wide 
ranges of subjects’ selected air velocities, e.g. at a temperature of 25.5°C, the selected velocities 
ranged from below 0.1m/s up to approximately 0.9m/s. 
 
Indoor air quality (IAQ) is also of great importance to occupants’ comfort and health. A seden-
tary person inhales about 10,000 breaths, i.e. 10-20m3/day of air. Thus the inhaled air should be 
fresh and clean because the human respiratory system is a very sensitive and efficient transmit-
ter of gases, and of fine dust (Meyer, 1983). Normally, in non-industrial buildings, IAQ prob-
lems arise when there is an inadequate quantity of ventilation air being provided for the amount 
of air contaminants present in a given space. Therefore, standards, guidelines, and regulations 
pertaining to indoor environment have established certain requirements on minimum quantities 
of ventilation air, maximum concentrations of air contaminants that are allowable, or both. 
ASHRAE Standard 62 (1989) prescribes outdoor air requirements which are expected to be 
deemed capable of providing an acceptable level of IAQ. The acceptable IAQ is defined by 
ASHRAE as “air in which there are no known contaminants at harmful concentrations as de-
termined by cognizant authorities and with which a substantial majority (80% or more) of the 
 3
Chapter 1 Introduction 
people exposed do not express dissatisfaction”. 
 
Nevertheless, due to the total-volume ventilation’s principle of promoting mixing and the large 
distance between the supply outlets and the occupants, by the time it reaches the occupants’ 
breathing zones and is inhaled, the supply air has already been mixed with the room air, gaining 
heat and humidity and being polluted by bioeffluents and exhaled air from occupants, emissions 
from building materials, furnishings, electronic equipments such as computer, printer, photo-
copier, etc. The pollutants most commonly found indoors include odour, carbon dioxide (CO2), 
formaldehyde (HCHO), total volatile organic compounds (TVOCs), tobacco smoke, ozone (O3), 
radon, nitrogen oxides (NO), aerosols, etc. Consequently, the total-volume ventilation systems 
operating at ventilation flow rates prescribed by pertinent standards and guidelines usually are 
not able to deliver air of good quality to the breathing zone of occupants. This adversely leads to 
substantial complaints from occupants, prevalence of sick building syndrome (SBS) symptoms, 
and even chronic health problems after long time exposure. Such IAQ-related problems have 
increased over the last two decades due primarily to increase in building airtightness, increasing 
use of textile floor covering and furnishing with high emission rate of pollutants, increasing use 
of computers and other office equipments, reduction in ventilation rates for energy saving, and 
so forth (Awbi, 2003). 
 
Some studies have identified certain relationship between the quality of indoor environment, 
occupants’ complaints and reported SBS symptoms, and performance. Wargocki et al. (1999) 
studied the impact of the pollution load in an experimental office laboratory on perceived air 
quality, SBS symptoms, and productivity. Results showed that poor air quality increased the 
prevalence of headache and caused subjects to exert more effort to perform tasks that required 
concentration. Conversely, providing good air quality increased subjects’ productivity by 6.5% 
in the amount of typed text. The study repeated by Lagercrantz et al. (2000) in a Swedish test 
room confirmed the findings of Wargocki et al. (1999). The presence of pollution source in-
creased the percentage dissatisfied with the air quality, the intensity of dizziness and difficulty 
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in thinking, and decreased the performance. A study conducted in a call center (Wargocki et al., 
2002) reported some positive effects of increasing outdoor air supply rate and replacing 
6-month old filters on subjects’ SBS symptoms intensity and on perceived air quality. Similar 
results were found in a study conducted in a call center in Singapore (Tham et al., 2003a, 
2003b), which evaluated the effects of temperature and outdoor air supply rate on SBS symp-
toms intensity, environmental perceptions, and performance of tropically acclimatized office 
workers. 
 
The air quality perceived by occupants is dependent not only upon the chemical properties of 
the air, i.e. pollutant concentrations in it, but also upon its enthalpy (temperature and humidity). 
Fang et al. (1998) found a strong and significant impact of temperature and humidity on the 
perception of air quality. The air was perceived by people as less acceptable with increasing en-
thalpy. Significant linear correlations were found between acceptability and enthalpy of air at all 
pollution levels tested.  
 
Large individual variability exists between occupants with regard to perceived air quality. 
Summer (1971) found that the same type of odorant could be perceived as pleasant and annoy-
ing by two different persons. Wargocki (1999) also reported the standard deviation of individual 
votes as great as 0.51 units on an acceptability scale ranging from -1 (clearly unacceptable) to 
+1 (clearly acceptable). Such differences may arise from the fact that different persons hold dif-
ferent thresholds for the perception of particular odours. 
 
Total volume ventilation does not account for large inter-individual variability amongst occu-
pants with regard to perception and preference. Usually it provides occupants with no control 
over their microenvironments. Furthermore, the ranges of environmental variables prescribed by 
the present standards and guidelines per se are to protect the portion of sensitive occupants from 
discomfort rather than to make the greatest number of occupants satisfied with their local air 
quality and thermal environment. One effective way to address above-mentioned problems and 
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concerns is to provide each occupant with sufficient means to control his or her thermal micro-
environment. The notion embraced by such individual control, counter to that of total-volume 
ventilation, is to attempt to achieve the positive rather than prevent the negative. 
 
Task/ambient conditioning (TAC) is a method of providing occupants with control over a local 
supply of air so that they could adjust their individual thermal environment. Similar to the 
widely used task/ambient lighting systems, the adjustments of the TAC systems are partially or 
entirely decentralized and under the control of the occupants. Typically, the controlled variables 
encompass the locally supplied air temperature, velocity, direction, the ratio of room recircu-
lated air to main air from air handling units (AHU), radiant temperature, etc. 
 
By allowing individual control of the local environment, the TAC system make it possible to 
compensate for the differences existing between individuals with regard to the preferred envi-
ronmental variables and thus satisfy all occupants, including those out of thermal equilibrium 
with their surrounding ambient environment. TAC systems also have great potential to improve 
ventilation condition at the occupant's breathing zone as the air containing a high percentage of 
outdoor fresh air is delivered in the vicinity of the occupant, or, in some cases, directly towards 
the breathing zone. Such preferential ventilation has been proven to be significantly conducive 
to the increase of occupants' satisfaction and productivity. 
 
A year-long field study by Kroner and Stark-Martin (1994) revealed a statistically significant 
positive association between the change in office workers’ productivity and that in overall satis-
faction with the local environment of the workstation. The workstation, termed as environmen-
tally responsive workstation (ERW), integrated and provided cooling, heating, ventilation, 
lighting, and other environmental components directly to the occupant with individual control. 
Results showed the ERW led to an increase in productivity by approximately 2%. Wyon (1996) 
concluded that individual control of local environment equivalent to change in room tempera-
ture of ±2°C would satisfy >90% of the occupants, ±2.3°C would satisfy >95%, and ±3°C 
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would satisfy 99%. Menzies et al. (1997) reported that an individually controlled ventilation 
system significantly lowered certain reported SBS symptoms, e.g. headache, irritation of skin, 
nose, eyes, and throat. Self-reported performance of the office workers improved by 11%. 
 
Individual control also has a positive psychological impact on occupants. Occupants’ complaints 
and dissatisfaction with the local environment decrease when they are delegated individual con-
trol. Results of field study by Bauman et al. (1998) indicated that it is more important for occu-
pants to have the possibility to control their local environment rather than it is for them to actu-
ally make a large number of control adjustments. 
 
It should be noted that, in above-mentioned studies as well as most of other TAC studies per-
formed in 1990’s or earlier, the air supplied from the TAC systems was either entirely recircu-
lated from the room, or a mixture of recirculated room air and outdoor air. Few supplied 100% 
conditioned outdoor air. In view of the obvious positive impact of the outdoor air on occupant’s 
perception, health, and performance, the TAC systems should supply air containing as much 
outdoor fresh air as possible preferentially towards occupant’s breathing zone. It was suggested 
by Fanger (2000) that small quantities of clean, cool, and dry outdoor air, termed as “personal-
ized air”, should be served directly to each occupant without being mixed with the polluted re-
circulated room air. The TAC systems providing 100% outdoor air to the breathing zone of the 
occupant was termed as personalized ventilation (PV) system. 
 
A number of studies have been performed under laboratory conditions, with either a thermal 
manikin or human subjects, to evaluate PV systems’ ability to enhance inhaled air quality and 
thermal comfort. These studies, together with those based on TAC systems, will be critically 
reviewed in Chapter 2. 
 
It should be noted that the majority of PV-related studies, especially those with human subjects 
involved, were conducted in temperate climates. There have been very few similar studies in hot 
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and humid climates (Sekhar et al., 2003a, 2003b, 2005; Tham et al., 2004a, 2004b). Potential 
differences may be found in thermal sensation, perceived air quality, air movement perception, 
and draft sensation of tropically acclimatized subjects compared with those of research in tem-
perate climates, due to differences in physiological acclimatization, clothing, behavior, habitua-
tion, and expectation. Hence, the PV environmental parameters acceptable to tropically accli-
matized occupants may be different with those identified in the temperate climates. For instance, 
the PV pilot study performed in the tropics (Sekhar et al., 2003a and 2003b) has observed that 
tropically acclimatized subjects prefer cool and high local air movement. This suggests that, 
contrary to existing notions of air movement leading to draft as undesirable in temperate cli-
mates, air movement might be an important and positive factor in improving thermal comfort 
for the tropics. Furthermore, the enthalpy difference between outdoor and indoor air in the trop-
ics consumes considerable energy to cool and dehumidify the outdoor air before it could be 
supplied. Thus, a PV system can be envisaged as a system with energy saving potential by vir-
tue of the inherent possibility of supplying cool personalized air at a small quantity whilst main-
taining the ambient space slightly warm through an ambient HVAC system. 
 
1.2 Research objectives 
The present study is aimed at exploring PV designs capable of providing tropically acclimatized 
occupants with better air quality and local thermal environment. The objectives are: 
 
1. To evaluate and compare the performance of three prototypes of air terminal devices (ATD) 
for personalized ventilation (PV); 
 
2. To investigate tropically-acclimatized subjects’ response to the local environment created 
with the PV, with the emphasis being placed upon perceived inhaled air temperature and 
quality, facial air movement perception and acceptability, and facial and whole-body ther-
mal sensation. 
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1.3 Outline of thesis 
The present chapter briefly discusses the characteristics of conventional total-volume ventilation, 
points out its intrinsic limitations in accommodating the widely recognized large individual dif-
ferences in preference for thermal environment, and introduces the concept of the 
state-of-the-art personalized ventilation (PV). The objectives of the study are stated. 
 
Chapter 2, consisting of four parts, presents a holistic and critical review of PV. The first part 
describes the configurations of some commercially available PV systems as well as those spe-
cifically developed for research purposes. The second and third parts review previous research 
work in terms of physical measurements of PV performance and human response to thermal 
environment and air quality generated by PV, respectively. The fourth part is devoted to research 
findings from limited PV-related studies in hot and humid climates. 
 
Chapter 3 presents the research methodology of the present study. Its first part is dedicated to 
the research methodology for the objective measurements with a breathing thermal manikin and 
comprises experimental design and conditions, experimental facilities, measuring procedure and 
instrumentations, and ATD performance evaluation indices. The second part focuses on the sub-
jective measurements, covering the experimental conditions, basic information pertaining to 
subjects participating in the experiments, experimental procedure, questionnaire, and methods 
used in data analysis. 
 
The results and discussions are given in Chapter 4 through 6. Chapter 4 presents results of the 
physical measurements of ATD prototype 1 and 2 and the comparison between them. Chapter 5 
reports physical measurements results of ATD prototype 3. The performance comparison be-
tween prototypes 1 and 3 is also included in this chapter. Chapter 6 contains the results of tropi-
cally-acclimatized subjects’ responses to local environment created with ATD prototypes 1 and 
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2 and the comparison of the subjective responses with corresponding physical parameters ob-
tained with the objective measurements with the manikin.  
 
The concluding portion of the thesis, Chapter 7, summarizes the major findings of the study and 
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This chapter, consisting of four parts, presents a holistic and critical review of PV, covering de-
scriptions of typical PV/TAC system configurations, physical measurements of PV performance, 
human response to thermal environment and air quality generated by PV, and research findings 
from limited PV-related studies in hot and humid climates. 
 
2.1 Typical PV systems 
Basically, PV/TAC configurations commonly used in offices can be categorized into four pri-
mary types: desktop-, partition-, floor-, and ceiling-based. For each category, some of the com-
mercially available systems as well as those specifically developed by researchers for research 
purpose are briefly described.  
 
2.1.1 Desktop-based systems 
A variety of desktop-based supply outlets have been developed by the industry and research in-
stitutes and some of them are commercially available. For such systems, conditioned air is de-
livered to the outlet through ducts adjacent to the desk or incorporated into the desk design. 
 
y Personal Environmental Module  
Personal Environmental Module (PEM) manufactured by Johnson Controls is one of the typical 
desktop-based systems with which a number of laboratory and field measurements have been 
conducted to investigate its performance. Its configuration is shown in Figure 2.1.  
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Figure 2.1: Personal Environmental Module (PEM) [Source: Johnson Controls (2005)] 
 
In this system, each unit uses a self-powered mixing box that is hung in the back or corner of 
the knee space of the desk and connected by flexible duct to two supply nozzles located at the 
top of the desk at the back corners. The two nozzles can be rotated 360° about a vertical axis 
and contain adjustable outlet vanes that can direct the supply air flow ±30° from the horizontal. 
The mixing box uses a small variable-speed fan to pull supply air from either a slightly pressur-
ized underfloor plenum or flexible ducts in the office partitions supplied from the ceiling. The 
PEM operates ideally at a supply static pressure of 12-25 Pa, at which it is capable of supplying 
a total of 6-71 L/s of air through its two nozzles. Recirculated air is also drawn from the knee 
space through a mechanical prefilter. Both primary supply air and recirculated room air are 
drawn through an electrostatic air filter. The PEM has a desktop control panel containing ad-
justable sliders that allow the control of the speed of the air emerging from the nozzles, its tem-
perature, the surface temperature of a 200-Watt radiant heating panel located in the knee space, 
the dimming of the user’s task light, and a white noise generator for acoustical masking. The 
control panel also contains an infrared movement sensor that keeps the PEM switched on when 
the workstation is occupied and shuts it off when the workstation has been unoccupied for a few 
minutes. 
 
y Desk Air Terminal (DAT)  
Desk air terminal (DAT) from Argon Corporation consists of five 4-way adjustable grilles 
mounted on a small air distribution box that can be mounted either horizontally (Figure 2.2a) or 
vertically (Figure 2.2b) in the knee space of a typical office workstation. Supply air is drawn 
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from an underfloor plenum through a fan-powered access floor panel and discharged at the 
workstation through the 4-way grilles and into the space via separate room air grilles to handle 
ambient loads. The unit nominally is designed to deliver 0-33L/s of supply air. The amount and 
direction of the supply air are adjustable by the occupant using the damper lever and the posi-
tions of the 4-way adjustable grilles. 
 
Figure 2.2: Desk/Floor Air Terminal in systems furniture: (a) Horizontal and (b) Vertical. 
[Source: Argon Corporation (2005)] 
 
y ClimaDesk 
The ClimaDesk system manufactured by Mikroklimat in Sweden nominally supplies 0-7L/s of 
air to two laminar-flow vents attached to the underside of a conventional workstation and con-
nected by a flexible duct to a portable filter unit placed next to the workstation (Figure 2.3a). 
The fan speed is variable and the vents can be rotated ±30° horizontally to either impinge on the 
occupant or pass close by. 0-100% of the supply air flow can be directed to a third laminar-flow 
vent located at the front edge of the workstation which is directed upwards 7° backwards from 
the vertical, i.e. slightly away from the occupant so that the cooling effect can be minimized. 
Heating of the lower body parts of the occupant can be provided by a 200 W electrically-heated 
panel fixed to the underside of the workstation, i.e. horizontally and just above the occupant's 
thighs. The panel is 0.8×0.6m2 and capable of maintaining any required surface temperature up 
to 50°C. An infrared movement sensor on the control panel, which stands on the workstation 
surface, keeps the unit switched on while the workstation is occupied and shuts it off when the 
workstation is unoccupied. 
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    Figure 2.3: (a) ClimaDesk [Source: Bauman and Arens (1996)] and (b) 
desk-edge-mounted supply nozzle [Source: Faulkner et al. (2004)] 
 
y Desk-edge-mounted supply nozzle 
The air supply nozzle of the PV system developed and studied by Faulkner et al. (2004) was 
located beneath the front edge of a workstation, about 10 cm from an occupant/manikin. It was 
constructed from a 3.8cm diameter PVC pipe with a slot, 3.8cm high and 30.5cm long. The slot 
was filled with a 3.2mm per side hexagonal flow straightener. The angle of the nozzle was ad-
justable so that air could be directed from -15° (15° downward from horizontal) to +45° (Figure 
2.3b). 
 
y Horizontal desk grille (HDG) and vertical desk grille (VDG) 
The horizontal desk grille (HDG) and vertical desk grille (VDG), shown in Figure 2.4a, were 
developed in the International Center for Indoor Environment and Energy (ICIEE) at Technical 
University of Denmark (DTU). The HDG and VDG were supported by a rectangular plenum 
box (0.05×0.4×0.65m3), which was attached centrally underneath the desktop. Personalized air 
entered the plenum box through a circular opening (∅80mm) at its bottom. A perforated plate 
was mounted inside the box and a filter was placed on it to ensure uniform air distribution. The 
rectangular plenum box was thermally insulated by 10mm Armaflex. The HDG was formed by 
a sharp opening made at the front edge of the plenum box. Supplied air flow was deflected from 
the perpendicular direction towards the occupant’s inhalation zone by a fixed blade (45° from 
horizontal). The dimensions of the HDG were 0.3×0.035m2. The VDG was formed by an alu-
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minum rectangular grille (0.275×0.075m2) mounted at upper front part of the plenum box. The 
grille was an ordinary ventilation grille with three adjustable horizontal blades, which were di-
rected 45° towards the manikin’s inhalation zone. 
 
It should be pointed out that the dimensions of the plenum box, HDG, and VDG studied by Me-
likov et al. (2002) were modified in the study by Kaczmarczyk et al. (2004b). The modified di-
mensions were 0.04×0.245×0.45m2 for the plenum box, 0.245×0.015m2 for HDG, and 
0.22×0.02m2 for VDG. Melikov et al. (2002) tested the HDG and VDG separately as two inde-
pendent air terminal devices (ATD) whereas Kaczmarczyk et al. (2004b) combined the two. 
 
Figure 2.4: (a)HDG and VDG and (b) MP [Source: Kaczmarczyk (2003)] 
 
y Movable panel (MP) 
This ATD prototype has been intensively used by the researchers from ICIEE at DTU mainly for 
investigating human responses to the local thermal environment created with PV. Review of 
most of these research works was presented in Section 2.3.  
 
The movable panel (MP) consisted of a movable arm and a panel attached to it. The arm had a 
metal construction made of joined parallel beams, which offered a high level of flexibility. The 
metal construction was placed inside a flexible duct (Ø80mm). The ATD was made of alumi-
num. It was shaped as a half-cylinder with a round opening, Ø80mm, from one side for air inlet 
and a rectangular opening, 240mm×75mm, in the front for the air outlet. An experimentally de-
fined aluminum profile was mounted inside to ensure uniform air distribution. The front of the 
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ATD was covered with a perforated panel with rows of round openings (Ø15 mm). The total 
area of opening was 0.012m2. A glass fibre net was placed behind the front pane in order to fur-
ther improve uniformity of velocity profile. The movable arm enabled rotational motion. A 
workstation equipped with the MP is shown in Figure 2.4b. 
 
It should be pointed out that the MP introduced here was modified on the basis of its original 
design by Melikov et al. (2002). The original MP design was shaped as a triangular plenum box 
(390mm×240mm×150mm) with a rectangular grille attached to the front panel. The grille was 
an ordinary ventilation extract grille with dimensions of 370mm×222mm. Another prototype in 
the study by Melikov et al. (2002), named computer monitor panel (CMP), had the same con-
figuration as the MP but a smaller dimension of grille (262mm×160mm) by covering the MP's 
grille with an additional frame. 
 
y Round movable panel (RMP) 
As shown in Figure 2.5a the RMP (Bolashikov et al., 2003; Kaczmarczyk et al., 2004b) had a 
round front panel of Ø 215mm with free opening of Ø185mm. A honeycomb plate was attached 
to the opening to reduce the turbulence intensity and straighten the air jet. The RMP was con-
nected to a movable arm-duct attached to the desktop. The junction between the arm and the 
RMP allowed the angle of the supply air jet to be adjusted in relation to the occupant without 
changing its location. The supplied air flow rate could be regulated with a knob mounted on the 
right front side of the desk. 
 
Figure 2.5: (a) RMP [Kaczmarczyk (2003)] and (b) Headset [Source: Bolashikov et al.(2003)]  
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y Headset 
Bolashikov et al. (2003) developed another ATD in the form of a Headset. It was actually fabri-
cated by incorporating a supply nozzle into a set of commercially available headphones. The 
microphone part was replaced with a small rectangular supply nozzle (35mm×8mm). The flexi-
ble support for the microphone was extended and thus allowed for the distance and the direction 
of the personalized air to be adjusted in relation to the nose/mouth of the user. A 1.4m long sili-
con tube (inner Ø8mm) connected to the personalized air supply duct transported the air to the 
Headset. The supplied air flow rate could be regulated by with a knob. Figure 2.5b showed a 
manikin wearing the Headset. 
 
2.1.2 Partition-based systems 
Partition-based systems have been introduced for applications in open-plan offices having parti-
tioned workstations. The passageways through which air is delivered to occupants are integrated 
into the partition design. 
 
y Partition-based personal HVAC system 
Matsunawa et al. (1995) described an installation in which a combination of floor supply outlets 
and partition-based outlets are used with an under-floor air distribution system. The partition is 
connected to the raised access floor system via a duct so that the conditioned air from the floor 
plenum is transported through the partition and supplied to the occupant via an outlet grille on 
the partition’s portion above the desktop. Figure 2.6a schematically shows the configuration of 
the system. 
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Figure 2.6: (a) Partition-based personal HVAC system [Source: Matsunawa et al. (1995)] and 
(b) PAT [Source: Bauman and Arens (1996)] 
 
y Panel Air Terminal 
The Panel Air Terminal (PAT) from Argon Corporation is based on similar concept to that of the 
partitioned-based personal HVAC system (Matsunawa et al., 1995). The major difference is 
there is no floor outlet for the PAT. The air provided for both ambient room and the occupant is 
through the partition. The volume of supplied air is controlled based on a room thermostat. Air 
is supplied from the underfloor plenum through a fan-powered floor panel with a boot connec-
tion to the partition as shown in Figure 2.6b. This air then passes upwards through the partition 
and finally discharged via the opening on the top of the partition. A personal air volume control 
damper allows the occupant to divert a portion of the supplied air to his/her local environment 
through a linear outlet grille mounted on the partition directly facing the occupant. The total 
volume of the air delivered to the space remains under the control of the thermostat to ensure 
the total room cooling loads are met. 
 
2.1.3 Floor-based systems 
Generally, the outlets are designed to be incorporated into a raised access floor system. Supply 
air is either drawn from a low-pressure underfloor plenum by local constant or variable speed 
fans, or forced through a pressurized underfloor plenum by the centralized air handling unit, and 
delivered to the space through floor-level supply outlets. 
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y Task Air Module (TAM)  
Task Air Module (TAM) is product of Tate Access Floors. Each TAM, measuring 
600mm×600mm, can be located at any position in a raised access floor system simply by ex-
changing it with a solid floor panel of equal dimension. A cutaway view of a TAM is shown in 
Figure 2.7. Air is drawn by a variable-speed fan/motor assembly from the sub-floor plenum and 
supplied to the room through four 127mm diameter discharge grilles. The grilles are molded of 
durable, fire-resistant polycarbonate. Individual vanes are inclined at 40° from vertical. A rotary 
speed control knob is recessed into one grille and each grille can be rotated 360°, allowing oc-
cupants to control both the direction and quantity of air supplied from the module. When the fan 
is switched on, the TAM can deliver 43-85 L/s of air from a zero or very low pressure plenum. 
 
Figure 2.7: Task Air Module (TAM) [Source: Arens et al. (1991)] 
 
2.1.4 Ceiling-based systems 
Some ceiling-mounted supply outlets have been developed in response to the needs of retrofit 
for conventional ceiling-based air distribution systems. Similar to the individual supply outlets 
commonly used in aircraft and bus, i.e. adjustable jet nozzles, this type of outlets injects air 
downwards at a sufficiently high velocity to reach the occupant's zone. Compared to other PV 
system designs as aforementioned, installation of ceiling-based outlets are easier during retrofit 
of spaces without raised access floors and/or with limited floor-to-floor height. Nevertheless, 
due to the large distance between the nozzle and occupant, individual control has to be realized 
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using a remote controller. 
 
y Zero complaint system 
This concept is from Tamblyn Consulting Services. Large nozzles are installed above each 
workstation and connected to the ceiling-based air distribution system through a thermostati-
cally-controlled damper and 3m sound-absorbing flexible duct. Cool supply air is injected 
downwards into the workstation below each nozzle (Figure 2.8a). An infrared remote controller 
enables the occupant to control the quantity of supply air delivered (up to 80L/s), activate a 
light-emitting diode (LED) readout at ceiling level showing the actual temperature, and adjust 
the maximum and minimum control damper openings to calibrate the thermostat with the actual 
workstation temperature. No secondary fan is involved. The nozzle’s direction can be manually 
adjusted over an angle of 15° from vertical. 
 
Figure 2.8: (a) Zero complaint system [Source: Advanced Buildings (2005)] and (b) Individual 
air outlet [Source: Air Concepts (2005)] 
 
y Individual air outlet 
The individual air outlet (Figure 2.8b) is a product of Air Concepts. Similar to the 
zero-complaint system, the outlet is a large nozzle installed above each workstation and thus 
supplies a concentrated column of air directly to the occupant. The supply airflow direction is 
manually adjustable through ±30° from vertical and through 360° rotation about the centerline 
axis. The airflow rate (8-100L/s) is controlled by the overhead air distribution system. 
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2.2 Objective measurements 
This section reviews some previous studies reporting physical measurement results of PV/TAC 
system performance. Major performance evaluation indices used by these studies included ven-
tilation effectiveness, air change effectiveness, pollutant removal efficiency, personal exposure 
effectiveness, re-inhaled exposure index, pollutant exposure reduction efficiency, equivalent 
homogeneous temperature/manikin-based equivalent temperature, draft rating, etc. The defini-
tions of these indices will be introduced where they first appear in the following review. Some 
of them adopted by the present study will also be described in detail in Chapter 3. 
 
A series of laboratory measurement were carried out to investigate the thermal and ventilation 
performance of TAM (Arens et al., 1991; Bauman et al., 1991; Fisk et al., 1991; Bauman et al., 
1995). All experiments were performed in a controlled environment chamber configured to re-
semble an interior zone of a modem office space with modular partitioned workstations. It was 
found that under low flow operating conditions of TAM the overall ventilation performance of 
the chamber resembled that of a displacement ventilation system characterized by two distinct 
horizontal zones - a lower zone containing cooler and fresher supply air moving upwards in a 
piston-like flow pattern and a relatively well-mixed upper zone containing warmer air and 
greater contaminants concentrations - separated by a horizontal plane called transition plane. It 
was recommended that the maximum airflow rate of the TAM should be reduced below its de-
signed rate of 90L/s as the cool supply jets at 90L/s were able to reach the ceiling, thereby 
minimizing the stratification and producing close to uniform ventilation conditions. The TAM 
should be installed at a distance of 1-1.5 m in front of the workstation to prevent draft discom-
fort near the floor. 
 
The performance of the PEM system in terms of spatial variability in ventilation, pollut-
ant-removal efficiency, and thermal comfort was investigated by a series of laboratory and field 
measurements (Bauman et al., 1993; Faulkner et al., 1993). Results of laboratory experiments 
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showed that PEM operating with outlet nozzles pointed towards the occupants and supplying 
100% outside air at rate of approximately 40L/s yielded age of air at breathing level 30% less 
than that would occur throughout the chamber with perfectly mixed air. With lower supply rates 
or air directed parallel to the sides of the workstation (rather than at the occupants), generally no 
significant enhancement of ventilation was obtained at the breathing zone. Concentrations of 
pollutant (simulated with tobacco smoke particle) measured at individual locations generally 
varied by less than ±12% from the mean concentrations measured within the chamber. In terms 
of thermal performance, the great controllability of the PEM enabled the local thermal condi-
tions to be controlled over a wide range by adjusting the volume and trajectory of the supply air 
flow from the nozzles. Under warm chamber conditions (23-28°C), the cooling effect of the 
PEM supplying air at rate of 50% of maximum was able to maintain average temperatures in the 
occupied zone 0.5-1.5°C lower than the corresponding temperatures in an adjacent workstation 
without a PEM system. Apart from the original outlet nozzle supplied by the manufacturer, a 
larger nozzle was fabricated by the researchers with the purpose of increasing air supply volume 
(improving ventilation performance) but decreasing the air velocities at the location of the oc-
cupants (reducing the effects of cool draft). The results of measurements confirmed the expected 
better performance of the larger nozzle.  
 
Using a thermal manikin consisting of 16 body segments, Tsuzuki et al. (1999) investigated the 
individual thermal comfort controllability of PEM, ClimaDesk, and TAM. All three units pro-
vided some individual control of cooling, while PEM and ClimaDesk also provided individual 
control of heating through a radiant heating panel. The experimental conditions were a number 
of combinations of room air temperature and PV supply air temperature in the range of 19-25°C. 
Results showed the amount of cooling was dependent primarily upon the air supply flow rate 
and direction, and to a lesser extent upon the supply air temperature and the room air tempera-
ture. The maximum range of individual thermal control achieved by each unit supplying its 
maximum flow rate, in terms of the change in room air temperature that would have affected 
whole-body heat loss equivalently without local air movement (termed by the author as equiva-
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lent homogeneous temperature), was 9°C for PEM (cooling contributed by 7°C and heating by 
2°C), 5°C for TAM (cooling only), and 3°C for ClimaDesk (cooling contributed by 1°C and 
heating by 2°C). The PEM operating at its maximum flow rate of 71L/s was not recommended 
for long-term exposure because some individual body parts directly exposed to the high velocity 
supply air were cooled to the extent beyond the practical lower limits for long-term exposure 
mandated by health regulations in many countries. PEM operating at 50% flow rate of 35.4L/s 
produced whole-body cooling effect of 4.0-4.5°C with no individual segment overcooled and 
therefore could be considered as acceptable for long-term exposure. The maximum cooling of 
TAM, obtained at its highest flow rate of 85L/s, produced no excessive cooling at any individual 
segment and thus was suitable for long-term exposure. It maximum whole-body cooling effect 
was 5.0-5.5°C. 
 
Two indicators, namely air change effectiveness (ACE) and pollutant removal efficiency (PRE), 
were used by Faulkner et al. (1999) to assess the ability of PEM and ClimaDesk to efficiently 
ventilate the breathing zone of heated manikins. The ACE, defined as the ratio of age of exhaust 
air to average age of air where occupants breathe, was measured using a tracer gas (SF6) step-up 
procedure. The PRE was defined as the time-average concentration of pollutants in the exhaust 
air divided by the time-average concentration where occupants breathe. The measurements of 
PRE employed three different tracer gases (C8F16, C6F12, and C7F14) to simulate in-
door-generated pollutants passively emitted from floor covering and from nearby occupants 
(manikins). The experiments were performed in a controlled environment chamber. For most 
test conditions, the PEM/ClimaDesk supplied outdoor air at nominally 19°C while the conven-
tional mixing ventilation system maintained the room temperature at about 25°C by supplying 
recirculated air. Results showed that high values of air change effectiveness (approximately 1.3 
to 1.9) and high values of pollutant removal efficiency (approximately 1.2 to 1.6) were meas-
ured when the PEM/ClimaDesk supplied 100% outdoor air at a flow rate of 7 to 9L/s per occu-
pant. Both ACE and PRE were dependent strongly upon the relative positioning of the mani-
kin’s breathing zone and the supply air jet. These rather high values suggested that the PEM and 
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ClimaDesk could be used to improve ventilation and pollutant removal at the breathing zone if 
normal rates of outdoor air supply were maintained. Alternatively, energy saving potential could 
be taken advantage of by maintaining a typical ventilation condition at the breathing zone by 
reducing outdoor air supply rate. However, the manikin used in the study was non-breathing and 
thus might to a certain extent affect the measurement results of tracer gas concentration at the 
breathing zone. 
 
Faulkner et al. (2004) also employed ACE to quantify the ventilation performance of a 
desk-edge-mounted supply nozzle (description in Section 2.1.1). The PV system supplied 100% 
outdoor air through the nozzle while the mixing ventilation system supplied 100% recirculated 
air at a flow rate of 33L/s. A manikin producing a total sensible heat generation rate of 75W was 
used to represent a standard office worker. 17 out of 22 experimental conditions were performed 
at a personalized air supply temperature approximately 5-6°C lower than the ambient air tem-
perature of 24-25°C. For the remaining 5 conditions, the personalized air was supplied isother-
mally. Test variables included the angle of air supply nozzle (-15° to +45° from horizontal) and 
the flow rate (3.5 to 6.5 L/s). The ACE values measured using tracer gas (SF6) step-up and de-
cay procedures ranged from 1.4 to 2.7. When the nozzle angle was 20° or larger, the majority of 
measured ACE exceeded 1.8. With the nozzle angle of 0° or smaller, the ACE was smaller, 
ranging from 1.4 to 1.6. Four of the five isothermal supply conditions resulted in lower ACE 
values than comparable non-isothermal supply conditions. Similar to PEM and ClimaDesk, the 
high ACE values obtained with this desk-edge-mounted supply nozzle would lead to reduced 
energy use by decreasing the outdoor air supply rate while maintaining the effective ventilation 
rate at the breathing zone at a typical level. Alternatively, if the supply rate was not reduced, the 
air quality at the breathing zone would be improved. 
 
A concept of desk displacement ventilation (DDV) was introduced by Loomans (1999). The 
DDV concept intended to combine the positive features of displacement ventilation with those 
of task conditioning. The supply unit was located below the desktop, against the back of the 
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desk and in front of the lower legs of the occupant (Figure 2.9a). The air was supplied over a 
relatively large area at velocities as low as 0.1 to 0.2m/s. The performance of the DDV was 
tested both experimentally and numerically under steady-state and transient conditions, which 
would occur when individual control was provided. Results for steady-state condition showed 
that the effectiveness of entrainment in the human boundary layer measured at the occupant’s 
mouth did not show an improvement compared to results for rooms with standard displacement 
ventilation. The flow rate of the cool supply air could not be increased significantly due to the 
risk of draft discomfort at ankles, restricting the cooling capacity of the DDV. The transient 
measurements and simulations concluded that the DDV was not able to create a well-defined 
microclimate as a task-conditioning system. When the supply conditions were changed realisti-
cally, the step response close to the occupant was on the order of 0.1, much lower than the value 
of 0.6 which should be aimed at. The response time for the occupancy zone (height of 0.4 to 
0.8m) was about 3 minutes, beyond the postulated value of 1 minute for a task-conditioning 
system. CFD simulations indicated that incorporating a desk slot (a small slot at the desk edge 
through which air was supplied close to occupant) could considerably improve the response 
time and step response of the thermal parameters near the head region.  
 
      Figure 2.9: (a) DDV concept [Source: Loomans (1999)] and (b) CMP, MP, VDG, HDG, 
and PEM [Source: Melikov et al. (2002)] 
 
Five different prototypes of ATDs for personalized ventilation were developed, tested, and com-
pared (Cermak and Majer, 2000; Melikov et al., 2002). The ATDs were: two desk grilles 
mounted at the front desk edge, one supplying air horizontally towards the occupant’s torso 
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(HDG) and the other vertically upwards (VDG); a panel with a rectangular opening mounted on 
a movable arm-duct (MP∗); a flat panel located on the top of a PC monitor (CMP); and the Per-
sonal Environmental Module (PEM). All detailed descriptions of the ATDs’ parameters and con-
figurations were given in Section 2.1.1. The schematic view of the ATDs in relation to an occu-
pant/manikin is shown in Figure 2.9b. 
 
The experiments were conducted in a climate chamber, 5(W)×6(L)×2.5(H)m3, resembling a 
typical office environment. A breathing thermal manikin was used to simulate a standard person 
sitting in front of the desk equipped with a certain prototype of ATD. All of the investigated 
ATDs were adjusted so that the personalized air was directed to the breathing zone of the mani-
kin. Both summer conditions (ambient air temperature at 26°C and personalized air temperature 
at 20°C) and winter conditions (ambient air temperature at 20°C and personalized air tempera-
ture at 20°C) were simulated. The personalized air flow rate supplied through the ATDs ranged 
from less than 5L/s up to 23L/s. A new index, personal exposure effectiveness (εp), expressed as 
the percentage of personalized air in inhaled air, was proposed to assess the efficiency of the 
ATDs in providing outdoor air. Other air quality assessment indices included ventilation effec-
tiveness, inhaled air temperature, and re-inhaled exposure index (εRI, described the amount of 
previously exhaled air that was re-inhaled). Results showed that the personal exposure effec-
tiveness increased with the increase of the personalized air flow rate up to a certain value where 
further increase of the flow rate had marginal effect. The highest personal exposure effective-
ness was about 0.7 measured for air supplied isothermally from the CMP at the flow rate of 
21L/s. However the CMP had very low performance under non-isothermal conditions. The best 
ATD for both isothermal and non-isothermal supply was the VDG, which yielded a personal 
exposure effectiveness of up to 0.58 at flow rates below 15L/s. The next best performing ATD 
was the MP, which allowed for a change of its position in relation to the manikin/occupant. Un-
der isothermal conditions, the MP performed similarly to the VDG. The re-inhaled exposure in-
                                                        
∗ The MP here was its original design, different from the modified one intensively used in subjective experiments. 
Refer to “Movable panel” in Section 2.1.1 for more descriptions. 
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dex differed amongst different ATD designs but was in general low for any of the conditions 
tested. The maximum amount of exhaled air re-inhaled by the manikin did not exceed 1%. The 
inhaled air temperature decreased with the increase of the personalized air flow rate. The 
maximum decrease was approximately 5.1°C for the VDG and 4.6°C for the MP under 
non-isothermal conditions. The VDG also provided greatest cooling of the manikin’s head (∆teq: 
manikin-based equivalent temperature decreased by -6.0°C at air flow rate of 10L/s). This might 
cause draft discomfort of occupants in practice. 
 
The ATDs studied by Melikov et al. (2002) were not able to deliver 100% personalized air in the 
manikin’s inhaled air. To explore higher ventilation efficiency that could be achieved by PV, 
Bolashikov et al. (2003) developed two new ATD prototypes, i.e. the round movable panel 
(RMP) and the Headset. The detailed descriptions of the two ATDs were given in Section 2.1. 
The RMP supplied air flow rate ranging from 5 to 15L/s and the Headset from 0.18 to 0.5L/s. 
100% personalized air in the manikin's inhaled air was achieved with RMP at flow rate of 15 l/s. 
The inhaled air temperature was reduced up to 6°C compared to the case without PV. The 
maximum cooling of the manikin's body corresponding to a decrease in the whole-body equiva-
lent temperature (∆teq) of 2.2°C was achieved at 15L/s. As for the Headset, the maximum εp 
achieved at flow rates below 0.5L/s varied from 50% to 84%, depending upon the distance be-
tween the supply nozzle and the manikin's nose/mouth. The inhaled air temperature was reduced 
by less than 0.5°C. The isothermal supply of the Headset affected the whole-body ∆teq very lit-
tle. 
 
Microphone-like air supply nozzles were also developed and tested by Zuo et al. (2002). The 
nozzle was placed at the chin position of the manikin and supplied air isothermally at a flow rate 
ranging from 0.1 to 2L/s towards the manikin's mouth and nose. Three types of nozzles were 
tested: one rectangular with 57mm each side and two circular with diameters of 65mm and 
120mm, respectively. The highest value of the percentage of the personalized air in the inhaled 
air, termed by the author as pollutant exposure reduction efficiency (ηPER), was 0.61, measured 
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with the Ø120mm circular nozzle at the flow rate of 2L/s. Adopting the same experimental fa-
cilities and protocol, Gao et al. (2004) designed and tested another series of microphone-like 
supply nozzles: four rectangular and four circular with different geometry configurations. The 
nozzles supplied the personalized air at a temperature of 20°C and flow rates ranging from 0.1 
to 3L/s. The ambient temperature in the chamber was maintained at 22°C. Again, even when the 
nozzle was located very close to the nose of the manikin, the inhaled air was still not completely 
from the personalized fresh air. The highest ηPER was approximately 0.80, achieved with a cir-
cular nozzle (Ø80mm) at the maximum flow rate of 3L/s. 
 
The physical measurements of some of the above-mentioned ATD prototypes’ performance with re-
gard to air quality and thermal comfort are summarized in Table 2.1 by prototype. The researchers, 
measurement conditions, performance indices used, and main results are listed. 
 
Table 2.1: Summary of physical measurements of different ATD prototypes 
ATD Pro-
totypes Researchers Measurement conditions 
Performance  












ACE 1.3 to 1.8 and PRE 1.2 
to 1.6 when supplying 100% 





kin (non-breathing);  
Tambient and TPV in range 







∆EHT 3°C (cooling 1°C, 











ACE 1.4 to 1.6 and PRE 1.2 
to 1.5 when supplying 100% 





kin (non-breathing);  
Tambient and TPV in range 







∆EHT 9°C (cooling 7°C, 
heating 2°C) at 71L/s 
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mal manikin; Tambient/TPV= 













(∆teq); Draft rating 
(DR) 
Maximum εp 0.38; Maxi-
mum εV 1.62; Maximum εRI 
0.68%; ∆tinh up to -4.2°C; 
facial ∆teq up to -7.7°C; 
whole-body ∆teq up to 
-2.3°C; DR up to 100%. 
TAM Tsuzuki et al. (1999) 
Chamber; thermal mani-
kin (non-breathing);  
Tambient and TPV in range 













likov et al. 
(2002) 
Chamber, breathing ther-
mal manikin; Tambient/TPV= 
26/20, 26/23, 20/20°C; 
flow rate 1.9-23.8L/s. 
εp; εV; εRI; ∆tinh; 
∆teq; DR 
Maximum εp 0.39; Maxi-
mum εV 1.63; Maximum εRI 
0.61%; ∆tinh up to -2.6°C; 
facial ∆teq up to -8.7°C; 
whole-body ∆teq up to 





likov et al. 
(2002) 
Chamber, breathing ther-
mal manikin; Tambient/TPV= 
26/20, 20/20°C; flow rate 
3.1-23L/s. 
εp; εV; εRI; ∆tinh; 
∆teq; DR 
Maximum εp 0.58; Maxi-
mum εV 2.37; Maximum εRI 
0.56%; ∆tinh up to -5.1°C; 
facial ∆teq up to -11.5°C; 
whole-body ∆teq up to 





likov et al. 
(2002) 
Chamber, breathing ther-
mal manikin; Tambient/TPV= 
26/20, 20/20°C; flow rate 
3.1-21.4L/s. 
εp; εV; εRI; ∆tinh; 
∆teq; DR 
Maximum εp 0.60; Maxi-
mum εV 2.50; Maximum εRI 
0.79%; ∆tinh up to -4.6°C; 
facial ∆teq up to -4.0°C; 
whole-body ∆teq up to 





likov et al. 
(2002) 
Chamber, breathing ther-
mal manikin; Tambient/TPV= 
26/20, 26/23, 20/20°C; 
flow rate 5.3-21.2L/s. 
εp; εV; εRI; ∆tinh; 
∆teq; DR 
Maximum εp 0.73; Maxi-
mum εV 3.67; Maximum εRI 
0.74%; ∆tinh up to -4.1°C; 
facial ∆teq up to -3.1°C; 
whole-body ∆teq up to 
-2.0°C; DR up to 52%. 




23/23°C; flow rate 
5-15L/s. 
εp; tinh; ∆teq
Maximum εp 100%; reduc-
tion in tinh up to -6°C; facial 
∆teq up to -10°C, whole-body 
∆teq up to -2.2°C. 
Headset Bolashikov et al. (2003) 
Chamber; breathing ther-
mal manikin; isothermal 
supply (23°C/23°C); flow 
rate 0.18-5L/s. 
εp; tinh; ∆teq
Maximum εp in range of 
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Zuo et al. 
(2002) 
Chamber; breathing ther-
mal manikin; isothermal 





Maximum ηPER 0.61 at 2L/s 






tion) Gao et al. (2004) 
Chamber; breathing ther-
mal manikin; Tambi-





Maximum ηPER 0.80 at 3L/s 








bient=24-25°C, TPV 5-6°C 
lower than Tambient (for 17 
cond.) or equal to Tambient 
(for 5 cond.); flow rate 
3.5-6.5L/s. 
Air change effec-
tiveness (ACE); ACE 1.4 to 2.7. 
 
So far all the aforementioned studies were based on PV in conjunction with conventional ceil-
ing-based mixing ventilation (MV), which provided cooling for the ambient space. A series of 
studies have been carried out to investigate the performance of the PV operating in conjunction 
with displacement ventilation (DV) or underfloor air distribution (UFAD) system (Cermak & 
Melikov, 2003, 2004; Melikov et al., 2003; Cermak et al., 2004; Forejt et al., 2004). Cermak and 
Melikov (2003) investigated the transport of exhaled air between two manikins facing each 
other when PV was coupled with an UFAD system. The ATD mounted on the workplace of each 
manikin was the movable panel (MP). The UFAD system supplied air through four swirl diffus-
ers positioned besides the workplaces. The air exhaled by one manikin (called polluting manikin) 
was marked by SF6 dosed at a constant rate. The SF6 concentration was measured in the air in-
haled by the other manikin (called exposed manikin). Both manikins exhaled through the nose 
and inhaled through the mouth. Results showed that the SF6 concentration in the inhaled air of 
the exposed manikin increased when PV was applied compared to UFAD system alone. The 
highest concentration was measured to be 3.6 times higher when the ATDs on both workplaces 
operated at 20L/s/manikin than in the reference condition (UFAD alone, without PV). 
 
Similar study was reported by Melikov et al. (2003) and Cermak et al. (2004). Two ATDs, round 
movable panel (RMP) and vertical desk grille (VDG), were separately investigated when they 
were coupled with a DV system (RMP+DV and VDG+DV). The DV used a semicircular supply 
unit mounted at one wall of the chamber. Different from the study by Cermak and Melikov 
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(2003), the exposed manikin was located behind the polluting manikin, facing its back. The ex-
haled air of the polluting manikin was marked with SF6 and human bioeffluents were simulated 
by N2O, which was released under the polluting manikin's clothing at its armpits and pelvic 
parts. Again, it was found that, at flow rate of 7L/s, both ATDs encouraged mixing of room air 
with the polluting manikin's bioeffluents and exhaled air and thus the pollution was transported 
to the breathing zone of the exposed manikin by the free convection flow around its body. The 
ventilation effectiveness in the air inhaled by the exposed manikin, with regard to the bioefflu-
ents and exhaled air, was below 2 for RMP+DV and below 3 for VDG+DV, significantly less 
than the range of 6-6.8 obtained with DV alone. The lowest ventilation effectiveness for the ex-
posed manikin was obtained when its ATD was switched off. Only when the ATD of the pollut-
ing manikin was switched off, the ventilation effectiveness for the exposed manikin with PV 
ATD was comparable to the range of 6-6.8 obtained with only DV. 
 
As a part of the above-mentioned research work, the performance of the RMP and VDG com-
bined with MV and DV in terms of cooling effect was also investigated (Forejt et al., 2004). For 
both ATDs, the whole-body cooling effect on the manikin was found to be independent of the 
room air distribution generated by MV or DV. The RMP provided a more uniform cooling over 
the body and was able to decrease the manikin’s whole-body equivalent temperature slightly 
more than the VDG. 
 
Cermak and Melikov (2004) also examined the exposure of occupants to exhaled air at two dif-
ferent throw heights of UFAD combined with RMP or VDG. For either ATD, the concentration 
of contaminant exhaled from the polluting manikin in the air inhaled by the exposed manikin 
was found to be independent of the UFAD flow rate, i.e. the throw height. When the ATD of the 
exposed manikin was switched off, the exposure of the exposed manikin increased as compared 
to the reference condition (UFAD alone, without PV). For RMP+DV, the increased contaminant 
level, i.e. the exposure, remained independent of the throw height. For VDG+DV, the exposure 
was significantly affected: the longer throw of UFAD increased the exposure almost to a level of 
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mixing ventilation. 
 
2.3 Subjective Assessment 
Studies of human response to the local environment created with PV are reviewed below. 
 
Apart from the laboratory investigation on the PEM’s performance, Bauman et al. (1993) also 
conducted small-scale field measurements in a demonstration office with 8 occupants: 4 in 
workstations equipped with PEM and 4 in workstations without PEM. It was observed that the 
occupants adjusted the control panels of the PEM systems only occasionally due to the com-
fortable ambient conditions maintained in the office. The pattern of energy use for the PEM 
system closely followed the occupancy pattern as the occupancy sensor turned off the PEM 
when a workstation was unoccupied. 
 
A large-scale of field study was carried out by Bauman et al. (1998) to assess the impact of in-
stalling the PEM system at 42 selected workstations with three office buildings in San Francisco, 
US. The filed measurement included both subjective surveys and physical measurements. For 
the purpose of comparison, a control group consisting of subjects who were not provisioned 
with PEM units was also studied concurrently. The survey results indicated that the installation 
of the PEM units increased overall subject satisfaction in all of the six major building perform-
ance mandates, i.e. spatial layout, office furnishings, thermal comfort, air quality, lighting qual-
ity, and acoustical quality. The largest increases occurred for thermal quality, air quality, and 
acoustical quality. Over the range of operative temperatures covered by the study, subjects in the 
control group were found to be more than twice as sensitive as those in the PEM group in terms 
of thermal sensation and preference for higher air movement in response to changes in ambient 
temperatures. This indicated that people might be tolerant of a wider range of temperatures 
when they were given the control over air movement. The survey results also found that more 
than 80% of the subjects in the PEM group adjusted the controls less frequently than once each 
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day, suggesting that it was more important for subjects to be given the ability to control their 
local environment than it was for them to actually make a large number of control adjustments. 
 
The impact of the PEM on occupants’ thermal comfort and productivity was also studied by 
Akimoto et al. (2004). It was found that the PEM system was able to keep people thermally 
comfortable even under ambient condition of temperature at 30°C and relative humidity at 50%. 
Local thermal sensation was improved with PEM operation. Subjective symptom voting showed 
that the PEM operation had advantage to alleviate the feeling of fatigue. Results from 
task-based performance assessment did not find significant effects of PEM on productivity. 
 
The study by Faulkner et al. (2004) also involved human subjects (seven male and four female). 
They were exposed to the local environment created with the desk-edge-mounted supply nozzle 
and asked to fill in thermal comfort surveys. The variables of the nozzle were its angle relative 
to horizontal (15°, 30°, and 45°) and supply flow rate (3.5, 4.8, and 6.5L/s). For most conditions, 
the nozzle supply air temperature was slightly cooler than the central room air temperature. 
Measurement results of tracer gas (SF6) step-up procedures showed that ACE values obtained 
with the human subjects ranged from 1.3 to 2.3, the majority of which were substantially lower 
than those obtained with the thermal manikin under comparable conditions. Results of thermal 
comfort surveys indicated that 90% of the subjects selected a thermal sensation between -1 and 
+1 on the ASHRAE thermal sensation scale. 67% of the subjects reported that they wanted no 
change in air movement. The correlation between thermal sensation and nozzle parameters such 
as angle and supply flow rate was found to be negligible. However, the difference between the 
supply air temperature and the room air temperature significantly (p=0.06) affected their ther-
mal sensation. 
 
A series of experiments involving subjects were performed by researchers from International 
Center for Indoor Environment and Energy (ICIEE) at Technical University of Denmark (DTU) 
to investigate human responses to the local environment created with PV (Kaczmarczyk et al., 
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2002a, 2002b, 2004a, 2004b; Yang et al., 2002, 2003; Zeng et al., 2002.) 
 
Kaczmarczyk et al. (2002a) experimentally compared the human responses to PV with regard to 
perceived air quality, SBS symptoms, and performance with those to conventional mixing ven-
tilation. The experiments were performed in an office set-up (6×6×3m3) equipped with both 
mixing and PV ventilation. The office space was divided into two parts by a 2m high partition 
which served as a visual barrier for subjects but still allowed the air from both sides to be mixed. 
The technical part was used to accommodate equipment for conditioning the ambient air in the 
office as well as the ductwork for mixing ventilation and PV. The other part of the office 
(4.5×6×3m3) occupied by subjects had six workstations equipped with ATD and placed against 
two opposite walls. The ATD used was the MP introduced in Section 2.1.1. The PV system pro-
vided individual control over the airflow rate, enabling each subject to continuously regulate the 
airflow rate up to 15 L/s. A pollution source, placed behind the partition, was used to decrease 
the ambient air quality in the office to a level which is typical in many offices in practice. Figure 
2.10 showed the plan of the experimental office and a workstation with MP. Unless otherwise 
noted, the studies discussed below were based on the same facility. 
 
Figure 2.10: Plan of the experimental office and a set of MP mounted at a workstation [Source: 
Kaczmarczyk et al. (2004a)] 
 
Thirty human subjects participated in four experimental sessions, each of which lasted 3 hours 
and 45 minutes. The four experimental conditions corresponding to the four sessions were: (1) 
PV supplying outdoor air at 20°C; (2) PV supplying outdoor air at 23°C; (3) PV supplying re-
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circulated office air; and (4) no PV air, only mixing ventilation. Under all conditions, the ambi-
ent room air temperature was kept constant at 23°C. During sessions 1 and 2, when a subject 
chose an airflow rate lower than the designed maximum of 15L/s per person, the complemen-
tary air was supplied by the mixing ventilation in order to maintain the constant flow rate of the 
air supplied into the office. During the exposures, subjects performed a variety of simulated of-
fice tasks including proof-reading (one 30-minute session), addition of numbers (two 45-minute 
sessions: one on computer and one on paper), and text typing (two 45-minute sessions). Before 
and after each task, subjects were required to fill in questionnaires regarding perceived air qual-
ity, SBS symptoms, general perception of the environment, thermal sensation (general and lo-
cal), perception of air movement, and self-performance. The experiment results showed that the 
best condition was when PV supplied outdoor air at 20°C. Perceived air quality voted under 
conditions of PV supplying outdoor air at 20°C (percentage of dissatisfied equal to 7.3%) was 
significantly better (p<0.01) than under mixing ventilation (percentage of dissatisfied equal to 
21.8%). Supplying outdoor air through PV also decreased complaints of headache (p<0.03), and 
improved the ability to think clearly (p<0.01) and to concentrate (p<0.03). The provision of 
control over PV air flow rate and direction gave rise to greater voting of well-being (p<0.03). 
Self-estimated performance showed that subjects had to put most effort into fulfilling tasks in 
the session with mixing ventilation and least in the session with PV supplying outdoor air at 
20°C. Significant difference was found for two tasks: addition of numbers on computer (p<0.04) 
and the first session of text typing (p<0.01). 
 
The experiment results in terms of thermal comfort and individual control were also reported 
(Kaczmarczyk et al., 2002b). Subjects maintained thermal neutrality under conditions of mixing 
ventilation without PV, PV supplying recirculated room air, and PV supplying outdoor air at 
23°C. The general thermal sensation voted under condition of PV supplying outdoor air at 20°C 
was slightly below thermally neutral. Nevertheless, general thermal comfort under all conditions 
was perceived as equally acceptable. All subjects actively used the individual control over flow 
rate and the ATD’s position and direction. Up to 96% of subjects under non-isothermal condi-
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tion positioned the ATD at the front. More than 50% of subjects, regardless of the condition, 
placed the ATD at a distance of 30 to 40cm. The range of the preferred air flow rate was within 
3-15L/s per person and was almost independent of the quality of the personalized air. For iso-
thermal supply, a tendency to make fewer changes in the positioning over time was observed. 
 
In a similar subjective study, Zeng et al. (2002) investigated the performance of PV with regard 
to perceived air quality and thermal sensation. The experimental conditions that thirty subjects 
were exposed to were combinations of three levels of personalized air temperature (20, 23, and 
26°C) at four air flow rates (5, 10, 15, and 20L/s/person) and three levels of ambient room air 
temperature (23, 26, and 28°C). Confirming the findings by Kaczmarczyk et al. (2002a), the 
results revealed that the perceived air quality was significantly improved (p<0.02) when the 
same amount of outdoor air was supplied by PV instead of by mixing ventilation. Such im-
provement was greater (p<0.03) at elevated ambient room air temperatures. The personalized air 
temperature was found to affect perceived air quality when occupants started to use PV. No sig-
nificant impact of the personalized air temperature on perceived air quality was found after 
30-minute exposure, i.e. the adaptation session. The maximum design flow rate was recom-
mended as 20L/s/person for the ATD used in the study (MP).  
 
On the basis of the abovementioned studies (Kaczmarczyk et al., 2002a, 2002b; Zeng et al., 
2002), another series of experiments adopting protocol identical to the one used in 
Kaczmarczyk et al. (2002a and 2002b) was conducted under ambient room air temperature of 
26°C (Kaczmarczyk et al., 2004a), which corresponded to the upper limit for summer condi-
tions (ASHRAE 55, 1992; ISO, 7730). Two experimental conditions were investigated: one 
with mixing ventilation (MV) and the other with PV supplying outdoor air at a temperature of 
20°C. The results corroborated those obtained with the first series of experiments performed at 
ambient room air temperature of 23°C. The PV supplying outdoor air at 20°C significantly im-
proved (p<0.001) the acceptability of air quality compared to MV. More severe headache to-
wards the end of the exposure was developed with MV than with PV (p<0.05). After two hours 
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of exposure, the ability to think clearly reached a significantly lower level with MV (p<0.05). 
Subjects' well-being was also positively influenced by the PV. Significant improvement (p<0.05) 
was found for the last hour of exposure. Self-estimated performance was improved when PV 
was present. Differences of up to 10% were reported on completion of three tasks (both sessions 
of text typing and addition of numbers on paper) at the end of the exposure (p<0.05). Analysis 
of the performance data derived from the tasks performed showed that subjects made fewer er-
rors in the first (p<0.03) and the second (p<0.05) text typing session. The difference in local 
thermal sensation for head region between MV and PV was significant throughout the whole 
experiment (p<0.01). The thermal sensation felt with PV was in general perceived as more ac-
ceptable (p<0.05). Analysis of subjects' adjusting personalized air flow rate showed that the 
whole range from 0 to 15L/s was used. The pattern of positioning the ATD was found to be 
similar to that at ambient temperature of 23°C: most subjects placed the ATD at a distance of 
30-40cm away from their face. 71% of changes in the ATD settings resulted in improvement in 
perceived air quality or acceptability of air movement or both. Only 13% of the changes caused 
decreased acceptability of air movement. 
 
With the aim of identifying the appropriate room air temperature range for applying a PV sys-
tem with regard to perceived air quality, Yang et al. (2003) reproduced the study of 
Kaczmarczyk et al. (2002a and 2002b) under combinations of relatively higher personalized air 
and ambient air temperatures, i.e. 23/23°C, 23/26°C, 26/26°C, 23/29°C, and 29/29°C. Results 
revealed that the PV system was able to improve perceived air quality, but within a range of 
room air temperature. The improvement from the PV decreased when room temperature was 
lower than 23ºC because the air quality as perceived by the occupants was already improved 
due to low enthalpy of the room air. At room air temperature at 29ºC or higher, the tested ATD 
(MP) was unable to lower percentage of dissatisfied below 20% required in CEN guidelines 
(CR 1752, 1998) due to the intensive mixing of the personalized and the room. The measure-
ments with a manikin showed that the εp measured for the average personalized air flow rate of 
13L/s as selected by the subjects participating in the experiment at 26°C was approximately 
 37
Chapter 2 Literature review 
33%. 
 
The above-mentioned subjective experiments performed by researchers from DTU were only 
based on one particular prototype of ATD, namely the Movable Panel (MP). Occupants’ thermal 
sensation and comfort obtained with other ATDs was reported by Kaczmarczyk et al. (2004b). 
Five different ATDs were studied: HDG+VDG, MP, RMP, Headset, and RMP+HDG. The ex-
periments were conducted at two levels of ambient air temperature, i.e. 23°C and 26°C. Person-
alized air supply temperature was 20°C for all ATDs except Headset, which supplied air iso-
thermally. The subjects were allowed to change continuously the positioning of the ATD and the 
rate of the supplied airflow, as well as to modify their clothing. The results showed that subjects 
actively made use of the control provided. The wide range of positioning and the whole range of 
available airflow rates were fully used for each system, indicating large differences in individual 
preferences. All ATDs studied allowed subjects to maintain thermal neutrality at room air tem-
peratures of 23°and 26°C, except the Headset at the higher office air temperature. All ATDs im-
proved the acceptability of the thermal environment at the workstation, with the greater im-
provements observed at the higher room temperature. The thermal environment with the Head-
set had relatively lower acceptability due to its low cooling capacity. It was found that airflow 
towards the face was preferred to that towards the abdomen.  
 
Yang et al. (2002) investigated the impact of three periodically fluctuating personalized airflows 
with frequencies of 0.1Hz, 0.2Hz, and 0.3Hz on occupants’ thermal comfort and perception of 
air quality. The room air temperature was 28°C and the personalized air temperature was 25°C. 
Results showed that with regard to thermal sensation, subjects were least dissatisfied with the 
airflow of 0.3Hz but most dissatisfied with the airflow of 0.1Hz (p<0.10). The airflow at 0.2Hz 
yielded better perceived air quality than at 0.3Hz (p<0.08). Subjects’ ranking of the air move-
ments indicated that the airflow at 0.2Hz was the most preferred. Comparisons between the air-
flow fluctuating at 0.2Hz and a constant airflow found no significant difference in terms of 
thermal comfort and perceived air quality. However, subjects preferred a lower mean air veloc-
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ity (p<0.02) and felt more distracted (p<0.05) when the airflow fluctuated at 0.2Hz than when it 
was constant.  
 
2.4 Studies in hot and humid climates 
While the PV concept has been evaluated in detail in temperate climates, few similar studies 
have been reported for the hot and humid climates/conditions (Fountain et al., 1994; Sekhar et 
al., 2003a, 2003b, 2005; Tham et al., 2004a, 2004b). 
 
Fountain et al. (1994) studied the locally controlled air movement preferred by human subjects 
exposed to warm isothermal environments. The experiment was performed in a controlled en-
vironment chamber (Bauman et al., 1993) in which the nominal room air temperatures were set 
at 25°C to 28°C. Three different air terminal devices (ATD) for local supply were used: a desk 
fan, a Task Air Module (TAM), and a Personal Environmental Module (PEM). The experiment 
lasted approximately 3.5 hours and had 54 subjects. The first hour served as an acclimatization 
period during which the subjects adjusted the level of the local air movement (but not the direc-
tion or the position of the ATD) for thermal comfort. Every 15 minutes throughout the test, the 
subjects were required to fill in a comfort survey questionnaire. Every 45 minutes they were 
asked to move away from the desk to allow for 5-minute physical measurements of their local 
environments. When the measurements were completed, the subject returned to the desk and 
switched to a different ATD for next session. The order in which the ATDs were adjusted by the 
subjects was randomized. A wide range of preferred air velocities was observed. With the in-
crease of air temperature, the range of preferred air velocities increased. The effect of air turbu-
lence on preferred air velocities was not evident. A model that predicts the percentage of satis-
fied people as a function of air temperature and air movement in warm conditions was devel-
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A pilot study of PV application in typical tropical area as Singapore, which is believed to be one 
of the first few studies of its kind in the world, was conducted by Sekhar et al. (2003a, 2003b, 
2005) with the aims of investigating tropically acclimatized occupants’ perception of thermal 
comfort and IAQ achieved with PV and exploring the energy saving potential of PV in the trop-
ics. The experiments were performed in a controlled environmental chamber having 6 worksta-
tions provided with 6 independent PV ATDs. The ATD used was the movable panel (MP) fabri-
cated according to the reported work by DTU. The experimental design consisted of 17 combi-
nations of room ambient temperature (23°C and 26°C), personalized air temperature (20°C, 
23°C, and 26°C), and the personalized air flow rate (7, 11, and 15L/s/person). 11 tropically ac-
climatized human subjects participated in the experiment and filled in questionnaires. The re-
sults showed that PV in conjunction with conventional MV yielded high ventilation effective-
ness in the inhalation zone ranging between 1.42 and 1.90 and lowered the average temperature 
of inhaled air in the immediate inhalation zone by 2°C to 5°C compared to reference conditions 
without PV. The energy saving potential of the PV system supplying air at 7L/s/person and 23°C 
in conjunction with the MV system maintaining room temperature at 26°C was about 30% when 
compared with the MV system operating alone to maintain room temperature at 23°C with fresh 
air provision of 15L/s/person. Analysis of subjective response revealed that PV improved the 
thermal comfort and IAQ acceptability by 58% and 64% respectively, in terms of mean values. 
Both thermal comfort and IAQ ratings generally increased as personalized air flow rate in-
creased and decreased as personalized air temperature increased at ambient temperature of 26°C. 
It was observed that most subjects had placed the ATD close to their breathing zone or face un-
der all experimental conditions. A preliminary finding that needs further substantiation was that 
tropical subjects perceived an increased thermal comfort and air movement acceptability at 
higher draft rating values. 
 
The draft perception of tropically acclimatized subjects was further explored by Tham et al. 
(2004a, 2004b). The experimental facilities were identical to those employed by Sekhar et al. 
(2003a, 2003b, 2005). The ambient temperature was kept nominally at 23 or 26ºC, and person-
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alized air temperatures were controlled at 20, 23, or 26ºC at the outlet surface of the PV ATD. 
Three levels of personalized air flow rate, 4.5, 7.3, 11.2 L/s/person, were presented to the sub-
jects. Each experimental condition lasted 2.5 hours. 18 subjects participated in the experiments 
to respond to computer-administered questionnaires on their thermal and draft sensations using 
visual-analogue scales at the 1st, 15th, 30th, 45th, 60th, 80th, 100th, 120th, 135th and 150th minute. 
The study showed that, during long time exposure of 2.5 hours, thermal sensation of facial parts 
and whole-body gradually decreased reaching steady state after one hour. The perception of air 
movement at higher flow rates (7.3 and 11.2L/s) was significantly better than that at lower flow 
rate (4.5L/s), suggested that tropically acclimatized subjects preferred higher air flow or air 
movement up to a certain point. The change pattern of percentage of dissatisfied was observed 
decreasing when air velocity was below 0.3 to 0.4 m/s, and increasing when velocity above 0.4 
m/s. Such a trend indicated that air movement may be considered subjectively to be too low or 
too high under PV conditions. Regression of optimal air velocity with time showed that optimal 
air velocities decreased fast before first 80 minutes and then became almost stable for the rest 
time of the exposure (R2=0.9). 
 
The above-mentioned studies conducted in tropical climates have to a certain extent under-
pinned the hypothesis that potential differences may exist in thermal sensation and air move-
ment perception of tropically acclimatized occupants compared with those of people in temper-
ate climates, due to differences in physiological acclimatization, clothing, behavior, habituation, 
and expectation. Therefore, PV environmental parameters that have been widely identified and 
accepted in the temperate climates might not be perceived as acceptable and comfortable by 
tropically acclimatized people. Thus, it is of great importance to identify and establish comfort 
ranges of environmental parameters of PV with high degree of feasibility and viability in tropi-
cal context. 
 
Furthermore, in the warm and humid tropical climate like Singapore, the enthalpy difference 
between outdoor and indoor air requires considerable energy to cool and dehumidify the out-
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door air before it could be supplied to the indoor space. Most of the HVAC systems have high 
air recirculation (70%-90%, depending upon types of buildings) in order to say energy. Thus, 
the judicious use of PV whilst keeping the ambient temperature slightly warm can achieve better 
air quality and thermal comfort. The energy needed for ambient conditioning is optimized, while 
the individual is empowered to adjust his/her local environment to his/her preference. It is 
therefore envisaged that PV concept is feasible and has great potential in the Tropics. One of the 
challenges is to develop suitable ATDs that optimize the inhaled air quality and thermal comfort 
of tropically acclimatized occupants in an energy efficient way. 
 
Motivated by the promising results of the PV pilot study by Sekhar et al. (2003a, 2003b, 2005) 
and Tham et al. (2004a, 2004b), the present study, through more rigorous experimental proto-
cols involving both intensive objective measurements with thermal manikin and subjective as-
sessment with tropically acclimatized subjects, is aimed at exploring PV designs capable of cre-
ating thermally comfortable local environment with good air quality for tropical applications. 
The research methodology based on which the study was carried out will be articulated in detail 
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Chapter 3 Research methodology 
 
3.1 Introduction 
The objectives of the present study are: 
 
1. To evaluate and compare the performance of three prototypes of air terminal devices (ATD) 
for personalized ventilation (PV); 
 
2. To investigate tropically-acclimatized subjects’ response to the local environment created 
with the PV, with the emphasis being placed upon perceived inhaled air temperature and 
quality, facial air movement perception and acceptability, and facial and whole-body ther-
mal sensation. 
 
The experimental design was based on the two objectives. Thus, the present chapter is divided 
into two parts. The first part, Section 3.2, is dedicated to the research methodology for the ob-
jective measurements with a breathing thermal manikin and comprises of experimental design 
and conditions, experimental facilities, measuring procedure and instrumentations, ATD per-
formance evaluation indices, and limitations. Section 3.3 focuses on the subjective measure-
ments, experimental conditions, basic information pertaining to subjects participating in the ex-
periments, experimental procedure, questionnaire, and methods used in data analysis.  
 
3.2 Method for objective measurements 
3.2.1 Experimental facilities 
3.2.1.1 Indoor environmental chamber 
The measurements were performed in the indoor environmental chamber in the Department of 
Building at National University Singapore (NUS). This 6.6 m(L)×3.7 m(W)×2.6 m(H) chamber 
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was built to simulate a typical office environment with movable interior partitions dividing the 
whole chamber into six workstations. Each workstation is equipped with a personal computer 
and internet connection with the purpose of engaging the subjects during the course of subjec-
tive measurements. The chamber is enclosed by a 25m2 annular space called control room to 
minimize the external environmental interferences. This air-conditioned control room also 
serves as a buffer zone for the subjects before they entered the chamber for subjective meas-
urements. Apart from that, the control room is used to accommodate equipments such as the 
Honeywell building automation system (BAS) as well as part of ductwork for mixing ventila-
tion and plenum box and major part of ductwork for personalized ventilation. Some equipments 
and instruments measuring physical parameters involved in the experiments are also placed in 
the control room, for instance, INNOVA multi-gas monitoring system and computer, thermo-
couple data-logger and computer, etc. The layout plan of the indoor environmental chamber and 
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3.2.1.2 Mixing ventilation system 
The ambient cooling to the chamber is served by an air handling unit (AHU) and ceiling-based 
mixing air distribution system. Two main supply diffusers controlled by a typical VAV box con-
troller are centrally and symmetrically located at the suspended ceiling of the chamber. Two re-
turn air grilles are diagonally located at the suspended ceiling and a completely ducted return 
route is used. The supply air temperature and flow rate are regulated by adjusting the off-coil 
temperature and fan speed using Honeywell BAS system to provide ambient cooling and 
achieve desired indoor temperature. The mixing ventilation system is also called secondary sys-
tem. Figure 3.2 is a photograph showing the chamber’s ceiling. 
 
Figure 3.2: The ceiling supply diffuser and return grilles of mixing ventilation system 
 
3.2.1.3 Personalized ventilation system  
The personalized ventilation system is the primary system serving the chamber. It provides each 
workstation with 100% outdoor air through a certain prototype of air terminal device (ATD) 
locally-mounted at the workstation. Outdoor fresh air is taken in by a 200CMH centrifugal fan 
and transported to a fan coil unit (FCU) through a 200mm×200mm duct equipped with 
weather-proofed louver and insect screen at the intake. Before entering the FCU where it is 
conditioned, the outdoor air needs to pass through a primary filter with efficiency of 25-35%. 
On the 200mm×200mm duct connecting the FCU and a plenum box, a secondary 12"×12" 
(250mm×250mm) filter (efficiency 80-85%) is mounted, which outdoor leaving FCU has to 
undergo before it enters the plenum box. The air in the plenum box is distributed through six 
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branch ducts originating from the plenum box (Figure 3.3a). Each duct has the diameter of 
100mm and is insulated in order to decrease heat exchange between the duct walls and the am-
bient air in the control room. For each duct, at its section very close to the junction with the 
plenum box, a manual damper is installed for regulation of air flow rate and a test hole is for 
dosing of tracer gas. Each duct enters the chamber through metal sleeve embedded into an open-
ing in the wall at about 0.5m height from the finished floor level. At the duct section before the 
metal sleeve, a heater is installed used to heat up the air to the desired temperature. Another test 
hole is drilled at approximately 20cm upstream of the heater for sampling of air inside the duct 
(Figure 3.3b).  
 
Figure 3.3: (a) The plenum box of personalized ventilation system and (b) a branch duct 
(portion in the control room) 
 
In virtue of the Honeywell BAS system, the supply personalized air temperature is controlled by 
adjusting the off-coil temperature and, if relatively high supply temperature is required, the 
heater at the downstream end of each branch duct will be switched on. The personalized air flow 
rate in each duct is regulated by adjusting PV fan speed (frequency) in conjunction with the ad-
justment of the opening angle of the manual damper mounted at the upstream. Calibrations of 
the PV fan to develop a curve of personalized air flow rate as a function of PV fan frequency 
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3.2.1.4 ATDs for personalized ventilation system 
3.2.1.4.1 Circular perforated panel (CPP) 
The first ATD studied, named circular perforated panel (CPP), is made of aluminum, shaped as 
a truncated cone, with a round perforated metal outlet panel having a diameter of 180mm, with 
5mm diameter holes uniformly distributed on it. A 10mm insulation layer was fixed on the exte-
rior surface of the cone and ductwork of the PV system. The prototype delivering personalized 
air with low turbulence intensity (Tu lower than 15% as measured), hereinafter abbreviated as 
Low-Tu CPP, had an additional thin layer of gauze attached tightly to the inner side of its outlet 
panel to ensure uniform air distribution. The other prototype designed to deliver personalized air 
with relatively higher turbulence intensity (Tu higher than 40% as measured), abbreviated as 
High-Tu CPP, did not have a layer of gauze but with an additional turbulence propeller consist-
ing of a servo-motor and round metal vane attached to the short PVC duct section immediately 
before its conical section. The vane, with a diameter slightly smaller than the internal diameter 
of the duct, was positioned inside the duct. It could rotate on a shaft radially-mounted in the 
duct and driven by an exterior motor controlled by a microprocessor. During each cycle, the 
vane rotated 90° to-and-fro in 1.7 seconds. Five small holes were drilled on the vane to mini-
mize the impact of vane rotation on the personalized air flow rate. Each prototype was mounted 
to the end of a set of thermally-insulated flexible duct connected to the PV system. Figure 3.4 
shows the flexible duct mounted at a workstation and the snapshots of the Low-Tu CPP and 
High-Tu CPP. It is to be noted that Figure 3.4 shows the outlet panel and insulation layer for the 
elbow part of PVC duct section for the High-Tu CPP was demounted to reveal the additional 
turbulence propeller. 
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Low-Tu CPP





Figure 3.4: Workstation, flexible duct, Low-Tu CPP, and High-Tu CPP 
 
The flexible duct supporting the CPP is a commercially available product of FUMEX AB, 
originally used as local fume extractor. The model chosen is TERFU B 1300-75, consisting of 
four sections of smooth anodized aluminum tubes (Ø75mm) and three plastic joints with ball 
bearings that make positioning, dismantlement and reassembly convenient and simple. Figure 
3.5 schematically shows the components and configuration of the flexible duct. The whole set is 
thermally insulated with 10mm thick Armaflex insulation layer. A flexible hose placed under-
neath the workstation is used to connect the flexible duct’s end mounted at the rear edge of the 
workstation with the metal sleeve embedded into the wall opening, through which the PV 
branch duct dedicated to this workstation enters the chamber. The diameters of the two ends of 
the flexible hose are 75mm and 100mm, compatible with that of the flexible duct and the metal 
sleeve, respectively. 
 
Figure 3.5: The flexible duct of the personalized ventilation system 
 
3.2.1.4.2 Desktop-mounted grille (DMG) 
The other ATD prototype is a 200mm×100mm (effective area: 176×76mm2) rectangular grille 
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made of galvanized steel. It has three adjustable horizontal vanes that could determine the sup-
ply air direction. The grille is mounted on the desktop and integrated with a rectangular plenum 
box connected to a flexible hose underneath the workstation. Thus, it is named desktop-mounted 
grille (DMG). The other end of the flexible hose is connected with the PV branch duct end’s 
metal sleeve embedded in the wall opening, as described in the preceding section. Inside the 
plenum box, a horizontal honeycomb panel with filter and a vertical honeycomb panel are 
mounted to ensure a uniform air distribution at the DMG’s outlet. A 10mm insulation layer is 
fixed on the exterior surface of the plenum box. Figure 3.6 schematically shows a manikin sit-
ting in front of a workstation equipped with the DMG. Compared with the ATD prototypes of 
Faulkner et al. (2004) and Melikov et al. (2002), the DMG was more compact and further away 
from the desk edge and hence could mitigate the possible risk of draft at manikin/subject’s ab-
domen, arms, and elbows. 
Adjustable vanes Honeycomb panel 
with filter 
 
Figure 3.6: Side view of a manikin sitting at a workstation equipped with the DMG 
 
3.2.1.5 Breathing thermal manikin 
A breathing thermal manikin was placed in front of a workstation in sedentary posture to simu-
late human-being during the experiments. The manikin is shaped similar to a 1.68m tall aver-
age-size female as shown in Figure 3.7. It is made of high quality glass fiber which gives a short 
time constant. The manikin has movable joints made of aluminum and plastic in neck, hands, 
shoulders, hip and knees, allowing its body to be adjusted to many postures mimicking hu-
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clothing ensemble corresponding to approximately 0.7 clo, a typical level in the tropics for of-
fice workers. 
 
Figure 3.7: The breathing thermal manikin 
 
The temperature-sensing element of the manikin is nickel wire very carefully wound on top of 
all 26 parts of body shell. The distance between the wires is less than 2mm. The wire is filled 
with polyester and polished down to a layer as close to zero as possible. Each of the 26 body 
segments is heated and individually controlled in order to maintain a surface temperature equal 
to the skin temperature of an average human-being in thermal comfort at a given actual activity 
level. The control system is based on correlation between skin temperature and dry heat loss of 
an average human body according to Fanger’s comfort equation (Fanger, 1970): 
36.4 0.054s tt = − ⋅Q              (3.1) 
Where ts is the skin temperature, °C,  
Qt is sensible heat loss, W/m2,  
36.4 is the deep body temperature, °C,  
0.054 is thermal resistance offset of the skin temperature control system, K.m2/W. 
 
In order to simulate the breathing process of human-being, holes are drilled in the nose and in 
the mouth to allow exhalation and inhalation. The nostrils and mouth are shaped as close as 
possible to human-being in order to obtain correct angles and openings. The manikin is 
equipped with an artificial lung to simulate realistically the breathing function of an average 
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human-being in sedentary activity and to evaluate the inhaled air quality. The artificial lung 
system consists of four subsystems, including air transporting system, air humidifying system, 
tracer gas dosing system, and exhaled air temperature controlling system. The whole system is 
shown in Figure 3.8. 
 
Figure 3.8: Schematic presentation of the artificial lung system 
 
The artificial lung system is placed outside the manikin body and connected with the manikin 
through two flexible plastic tubes. The function of the two tubes is to transport the inhaled air 
from the manikin to the lung system and the exhaled air from the lung system to the manikin. 
The two tubes are inserted into manikin’s body through two connection holes opened on the 
right side of the manikin’s waist. Inside the manikin body, the two holes lead to nose and mouth 
separately. In the present study, the breathing combination chosen is exhalation through nose 
and inhalation through mouth. 
 
The air transporting system consists of two air pumps working continuously. One pump fulfills 
the function of exhalation, i.e. drawing air and transporting it to the manikin. The other one ful-
fills the function of inhalation, i.e. transporting the air from the manikin and exhausting it. The 
amount of air being inhaled and exhaled, i.e. the simulated pulmonary ventilation, can be set 
and regulated separately by means of adjustable transformers. Two synchronized solenoid 
valves regulate the breathing cycle by opening appropriate airway. The frequency of breathing is 












Timer 2 Timer 1 
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controlled by the settings on two connected digital timers. In the present study, the transporting 
system was adjusted to simulate breathing of an average sedentary person performing light of-
fice work. The breathing frequency was 10 times per minute, the pulmonary ventilation volume 
was 6L/min, the breathing cycle was set as 2.5s inhalation, 2.5s exhalation, and 1.0s break. 
 
In the real process of breathing, human-beings produce carbon dioxide (CO2) as a product of 
combustion in the body. The amount of CO2 is dependent on the activity level and also on the 
weight of the body. The exhaled air of a sitting person consists of 3.6% of CO2. Therefore, the 
exhalation pump is equipped with a valve and inlet to allow for dosing tracer gas into the ex-
haled air in order to simulate CO2 content. In the present experiments, this function was not ac-
tivated because the content of exhaled air was not within the scope of study.  
 
Generally the air exhaled by human-being warmer than the ambient air and has a high relative 
humidity approaching saturation. To make the exhaled air from the manikin close to real level of 
temperature and relative humidity, an exhaled air temperature controlling system and an exhaled 
air humidifying system is incorporated into the lung system to heat up and humidify the exhaled 
air. The function of humidification was not activated in the present study because the slight dif-
ference of density between humidified and non-humidified air at 34°C was assumed to have 
negligible impact on the analyzed concentrations in the inhaled air. After being heated up to 
34°C, the air flows through a 10m flexible pipe connecting the artificial lung system with the 
manikin and is then exhaled through nose. To prevent heat loss of the air in the pipe due to the 
heat exchange between the wall of the 10m exhalation pipe and the ambient air, the pipe is cov-
ered with 25mm thick Armaflex insulation layer and a thermocouple is mounted at the end of 
the pipe just before connection to the manikin’s waist in order to measure and control the ex-
haled air temperature. 
 
3.2.2 Experimental design and conditions 
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The experiment was designed to simulate a typical office condition in tropical climates such as 
Singapore. The ceiling-based total mixing ventilation system maintained the ambient air tem-
perature in the chamber at two levels (26 and 23.5°C) by supplying 100% re-circulated air at a 
constant rate. The personalized ventilation system supplied 100% conditioned outdoor air at 
three temperature levels (26, 23.5, and 21°C). Under a given combination of ambient air tem-
perature (ta) and personalized air temperature (tpv), the performance of a certain ATD prototype 
was explored at several personalized air flow rates, dependent upon the specific prototype. It 
was envisaged that such a setup of experimental conditions, i.e. ambient temperature slightly 
warmer than comfort range prescribed by local Singapore Standard (CP13, 1999), personalized 
air being supplied under both isothermal and non-isothermal conditions, and personalized air 
flow rates spanning low, medium, and high levels, would present a full picture of air quality and 
thermal comfort in the microenvironments created with the ATDs. The relative humidities of 
ambient air and personalized air, though uncontrolled, were measured to be within a rather nar-
row range of 50% to 60% during the measurements. 
 
The breathing thermal manikin, as a simulator of a standard person performing light office work, 
was sitting upright in front of the workstation equipped with the ATD to be tested. Parameters of 
its configuration and operation settings including the breathing function during the experiment 
are given in detail in Section 3.2.1.5. Heat loss from each body segment of the manikin was 
continuously measured and recorded during the course of each experimental condition. A small 
thermistor probe was mounted inside the manikin’s mouth to measure its inhaled air temperature. 
Tracer gas, sulphur hexafluoride (SF6), was used to judge the ability of the three ATD prototypes 
to provide the manikin with outdoor air. Several tracer gas sampling points were distributed in-
side the chamber, including one placed in the vicinity of the manikin’s mouth. Sensors of 
omni-directional thermo-anemometer capable of simultaneously measuring air temperature, ve-
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All experimental conditions for Low-Tu CPP and High-Tu CPP are summarized in Table 3.1. It 
should be noted that, for the two CPPs, the personalized air temperature referred to the tem-
perature at a particular point, which was 15cm away in front of the manikin’s nose and located 
exactly on the exterior normal line of the CPP directed towards the manikin’s face. Hereinafter 
this point was termed as “target point” and the personalized air temperature was symbolized as 
tpv, target. The target point served as control and measurement point not only for temperature, also 
for velocity. For both CPPs, at a certain level of personalized air flow rate, the velocities at the 
target point were controlled at almost the same level, e.g. 0.75±0.2m/s at 13.5L/s. Therefore, 
under a certain temperature combination and personalized air flow rate, the two CPPs created 
same tpv, target, almost same velocities, but different turbulence intensities at the target point. 
 
Table 3.1: Experimental conditions for High-Tu CPP and Low-Tu CPP 
 
Temperature combinations
(ta – tpv, target, °C) 
Personalized air flow rate (L/s) 
23.5 – 21 3 4.6 6.5 8.2 10.2 11.4 13.5 16 18.8
23.5 – 23.5 3 4.6 6.5 8.2 10.2 11.4 13.5 16 18.8
26 – 23.5 3 4.6 6.5 8.2 10.2 11.4 13.5 16 18.8
High-Tu 
CPP 
26 – 26 3 4.6 6.5 8.2 10.2 11.4 13.5 16 18.8
23.5 – 21 3 4.6 6.5 8.2 10.2 11.4 13.5 16 17*
23.5 – 23.5 3 4.6 6.5 8.2 10.2 11.4 13.5 16 17 
26 – 23.5 3 4.6 6.5 8.2 10.2 11.4 13.5 16 17 
Low-Tu 
CPP 
26 – 26 3 4.6 6.5 8.2 10.2 11.4 13.5 16 17 
* The maximum flow rate delivered by Low-Tu CPP was 17L/s. 
 
All experimental conditions for the DMG are summarized in Table 3.2. The performance of the 
DMG was tested with its adjustable vanes being set at three angles relative to the desktop 
(horizontal plane). At angle of 60° when the personalized air supply direction regulated by the 
vanes was towards the manikin’s mouth, the experimental condition matrix was formed by five 
combinations of ambient and personalized air temperatures and ten levels of personalized air 
flow rate. The impact of the vanes’ angle on the performance was also investigated by decreas-
ing the angle from the original 60° down to 45° and further down to 20°. Thus the initial supply 
direction of the personalized air was towards a certain body part lower than the mouth. For these 
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two smaller angles, the temperature combinations were 26/26°C, 26/23.5°C, and 26/21°C and 
five levels of air flow rates were selected from the full range of 10 levels for the angle of 60°. It 
is to be noted that, for the DMG, the personalized air temperature was measured and controlled 
at its immediate outlet and thus simply symbolized as tpv. 
 




(ta – tpv, °C) 
Personalized air flow rate (L/s) 
26 – 26 2 2.5 3.2 3.8 5 5.8 7 7.8 9.8 12.2
26 – 23.5 2 2.5 3.2 3.8 5 5.8 7 7.8 9.8 12.2
26 – 21 2 2.5 3.2 3.8 5 5.8 7 7.8 9.8 12.2
23.5 – 23.5 2 2.5 3.2 3.8 5 5.8 7 7.8 9.8 12.2
DMG 
(vane=60°) 
23.5 – 21 2 2.5 3.2 3.8 5 5.8 7 7.8 9.8 12.2
26 – 26 2 - - 3.8 - - 7 - 9.8 12.2
26 – 23.5 2 - - 3.8 - - 7 - 9.8 12.2
DMG 
(vane=45°) 
26 – 21 2 - - 3.8 - - 7 - 9.8 12.2
26 – 26 2 - - 3.8 - - 7 - 9.8 12.2
26 – 23.5 2 - - 3.8 - - 7 - 9.8 12.2
DMG 
(vane=20°) 
26 – 21 2 - - 3.8 - - 7 - 9.8 12.2
 
It is to be pointed out that, conditions without the personalized ventilation system running, 
which are termed as reference conditions and used to calculate some performance assessment 
indices, are not included in the tables. 
 
Detailed descriptions of the instruments used and their settings, sensors/probes and their distri-
bution, corresponding physical parameters measurements, data collection and analysis and so 
forth will be presented in Section 3.2.3. Introduction of the calculated ATD performance evalua-
tion indices will be given in Section 3.2.4. 
 
3.2.3 Measuring procedure and instrumentation 
3.2.3.1 Preparatory measurements and calibrations 
3.2.3.1.1 Manikin calibration 
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When the breathing thermal manikin is running, the skin temperature and sensible heat loss 
from each of the 26 body segments as well as the whole-body are recorded. To quantify the 
cooling effect of the thermal environment which the manikin is exposed to, the sensible heat 
loss from each body segments as well as the whole-body can be transformed into a parameter 
termed manikin-based equivalent temperature. The manikin-based equivalent temperature is 
defined as the temperature of a uniform enclosure in which a thermal manikin with realistic skin 
surface temperatures would lose heat at the same rate as it would in the actual environment 
(Tanabe et al., 1994). Uniform conditions are achieved when a) the air temperature is equal to 
the mean radiant temperature, b) air temperature gradients, radiant temperature gradients, and 
radiant temperature asymmetry in all three directions is negligible, c) air velocity is low (ideally 
equal to zero), and d) relative humidity is constant. The equivalent temperature has been found 
to be a useful tool to determine the effects of local air movement and radiant asymmetry, while 
measured air temperatures and velocities provided less detailed explanations. 
 
The linear relationship between the manikin-based equivalent temperature and sensible heat loss 
from each body segment has the following general form (Tanabe et al., 1994): 
36.4eq tt = − ⋅C Q               (3.2) 
Where teq is the manikin-based equivalent temperature, °C,  
36.4 is the deep body temperature, °C,  
Qt is the sensible heat loss, W/m2,  
C is constant dependent on clothing, body pasture, chamber characteristics and thermal 
resistance offset of the skin surface temperature control system, K.m2/W. 
 
Therefore, the purpose of calibrating the manikin is to obtain C values corresponding to each 
body segments as well as the whole-body. The calibration was performed in the indoor envi-
ronmental chamber. During the calibration, the indoor condition was kept as close to homoge-
neous as possible. The definition of a homogeneous condition is given above. The manikin was 
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exposed in the chamber to a given air temperature, dressed and kept at sedentary posture as it 
was during subsequent actual experiments. The heat losses from the body segments were re-
corded. Under the homogeneous condition, the indoor air temperature was equal to the teq. Then 
the constant C values were calculated based on equation 3.2.   
 
The calibrations were performed three times under different indoor air temperatures that 
spanned the temperature range of subsequent actual measurements. Constant C values obtained 
from different calibrations differed marginally and hence average values were taken for calcu-
lating manikin segmental equivalent temperatures in the subsequent actual measurements.  
 
The list of body segments with corresponding constant C values is given in Appendix A. 
 
3.2.3.1.2 Personalized air flow rate measurement  
The purpose of this measurement was to find out how much personalized air in duct that the fan 
set at a certain speed (frequency) was capable of supplying, given characteristics of a specific 
PV duct and ATD mounted at the end of the duct. By running the fan at various levels of fre-
quency, various levels of personalized air flow rate were obtained and consequently a curve of 
flow rate as a function of PV fan frequency was developed. This curve eased the control over 
personalized air flow rate in actual measurements. Desired flow rates could be easily obtained 
by setting the fan frequencies at corresponding levels according to the developed curve.   
 
During the measurements, tracer gas technique of constant-injection was employed. Sulphur 
hexafluoride (SF6) was continuously dosed through the upstream dosing hole of a PV duct with 
a constant injection rate using a Bronkhorst EL-Flow mass flow controller. Through the down-
stream sampling hole of the same duct, the SF6 was continuously sampled and its concentration 
was continuously measured using INNOVA Multipoint Sampler Type 1309. The distance be-
tween the dosing and sampling holes was long enough to ensure good mixture of the SF6 and air. 
When concentration measured downstream reached steady state, the personalized air flow rate 
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at this specific fan frequency was calculated by dividing the constant dosage rate by the meas-
ured concentration. The measurements were performed at ten levels of fan frequency in order to 
get enough data points to obtain the regressed curve as accurately as possible. Details about the 
mass flow controller and Multipoint Sampler 1309 will be given in the following sections. 
 
Above-mentioned procedures were first applied to No.2 duct equipped with the High-Tu ATD. 
After the completion of all actual measurements based on the High-Tu ATD, the Low-Tu ATD 
was mounted to replace the High-Tu one and same procedures of flow rate measurements were 
repeated. It was believed that the thin layer of gauze attached to the inner side of outlet panel of 
the Low-Tu ATD and the mechanically-driven turbulence propeller mounted at the High-Tu 
ATD would introduce different resistances to the duct and hence influence the whole character-
istics of the duct and, at a given fan frequency, the obtained flow rates inside. The measure-
ments results did confirm this point. The two ATDs gave two different flow rate curves. The 
personalized air flow rate measurement was also performed for the DMG before actual experi-
ments based on it were conducted. Appendix B shows the curves of flow rate as a function of 
fan frequency for the three ATDs. 
 
3.2.3.2. Actual measurements 
3.2.3.2.1 Ambient air temperature and relative humidity measurements 
The ambient temperature in the chamber was measured using thermocouples laid at 28 different 
locations inside the chamber. Amongst these 28 thermocouples, 12 of them were placed in a grid 
of 3×4 at the middle section of the chamber, which is parallel to the walls along which three 
workstation are at located each side. The “3” stood for the three “columns” of the grid and the 
“4” stood for the four different heights at each of the column, namely 0.1m, 0.7m, 1.2m, and 
1.7m above the floor. Six thermocouples were attached to the four walls and the ceiling and the 
floor, respectively, to monitor the surface temperature of the chamber. For the two ceiling sup-
ply diffusers and two ceiling return grilles, one thermocouple was placed in the vicinity of each 
of them in order to measure the mixing ventilation supply air temperatures and the return air 
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temperatures. For the remaining six thermocouples, each of them was placed inside the ATD 
mounted at each workstation to measure the supply temperature of personalized air before it 
came out from the ATD. 
 
 
Figure 3.9: YOKOGAWA DA100 Unit, DS600 Subunit and ONSET HOBO meter 
 
The thermocouples were connected via screw-terminal connections to a set of data acquisition 
unit YOKOGAWA DA100 in conjunction with its subunit DS600 (Figure 3.9). Analogue signal 
was converted into digital signal and then transferred to a computer via the RS-232-C interface. 
Computer software DARWIN Enhanced Logger was used to display the real-time measure-
ments data and software DARWIN Enhanced Viewer was used to export the results to Microsoft 
Excel format for analysis. The accuracy of the data acquisition unit was ±0.05% of readings. 
The accuracy of the thermocouple was ±0.2°C. The measurement interval set in the present ex-
periment was 30s. 
 
The relative humidity inside the chamber was not controlled but measured and recorded using 
an ONSET HOBO meter placed in the middle of the chamber (Figure 3.9). The measurement 
range of the HOBO meter was 25%-95% with the accuracy of ±5%. Throughout all experimen-
tal conditions, the indoor relative humidity fluctuated within the range of 40%-55%. 
 
3.2.3.2.2 Personalized air velocity, temperature, turbulence intensity, and relative humidity 
measurements 
Apart from the thermocouple placed into each ATD at each workstation, the personalized air 
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temperature as well as velocity, turbulence intensity, and draft rating were measured by Ther-
moanemometer Measurements System HT400. The system consists of hot-sphere-type ane-
mometer probes HT-412, transducer units HT-428, connecting cables, multi-channel power sup-
ply HT-430, and data acquisition module HT-470 (Figure 3.10). The probe has a short response 
time which is particularly required when measuring fluctuating velocities. The full standard 
system comprises 8 measurement channels. The multi-channel power supply creates 8 DC volt-
age galvanic insulated for supplying the transducer units. It also transforms current output signal 
from transducer units to voltage signals that are used to connect to data acquisition module 
HT-470. The data acquisition module HT-470 is connected to a computer via the RS-232 inter-
face. Computer software for the system was used to display real-time measurement data (mean 
velocity, turbulence intensity, mean temperature, and draft rating) with compensating barometric 
pressure and export results to Microsoft Excel format for further analysis. 
 
The velocity measurement range of the system is 0.05m/s-5m/s, with the accuracy of ±0.02m/s 
±1% of readings for velocity range of 0.05m/s to 1m/s and accuracy of ±3% of readings for ve-
locity range of 1m/s to 5m/s. The temperature measurement range of the system is from -10°C 
to 50°C, with the accuracy of 0.2°C. 
 
In the present study, the measurements system was extended to 16 channels by connecting two 
sets of multi-channel power supply HT-430 and data acquisition module HT-470 via the RS-485 
interface. During the measurements with the CPPs, 9 anemometer probes were placed in front 
of the manikin’s upper body parts in order to investigate the characteristics of air in the immedi-
ate microenvironment created with both the CPP and the manikin itself. Amongst the 9 probes, 3 
of them were placed on the centerline of the CPP, which was directed towards the manikin’s 
face. The middle probe was located exactly at the target point, 150mm away from the manikin’s 
nose. The distances from the other two probes to the manikin’s nose were 70mm and 230mm, 
respectively. Another 5 probes were placed around the head region of the manikin: two symmet-
rically at the left side and right of the face with a distance of 25mm to the surface of face, one 
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centrally positioned in front of the skull at a distance of 40mm, one centrally positioned in front 
of the neck at a distance of 40mm, and one on the top of the head at a distance of 50mm. The 9th 
probe was centrally placed at the level of the manikin’s chest with a distance of 100mm to the 
chest. All probes, except the two at the two sides of the face, were in the symmetrical plane 
perpendicularly sectioning the CPP and the manikin. Figure 3.10 shows the distribution of the 
probes over the place in the immediate vicinity of the manikin. 
 
Figure 3.10: Thermoanemometer Measurements System HT400 and snapshot of probes’ 
distribution in front of manikin’s upper body parts during measurements with the CPPs 
 
The distribution of the anemometer probes over the local environment in front of the manikin 
for measurements with the DMG was schematically shown in Figure 3.11. The red dots repre-
sented the probes’ positions. The five probes were situated on the centerline of the grille, which 
was parallel with the vanes, i.e. approximately 60° from the horizontal plane. Probe no.1 was 
placed at the immediate outlet of the grille. The distances from the grille outlet to probe No. 2, 3, 
4, 5 were 100mm, 180mm, 280mm, and 360mm, respectively. 
 61







Figure 3.11: Schematic view of the anemometer probes’ distribution for DMG 
 
The relative humidity of the personalized air was measured at the target point using a 
Q-TRAK™ Plus IAQ monitor (Figure 3.12). This monitor is able to simultaneously measure 
several environmental parameters including air relative humidity, air temperature, and CO2 
concentration level. The sensor for measuring relative humidity is thin-film capacitive. Its 
measurement range is from 5% to 95% with the accuracy of ±3%. Supported by a separate 
probe stand, the probe was placed approximately 3cm below the target point, which was 15 cm 
away from the manikin’s nose. 
 
Figure 3.12: Q-TRAK™ Plus IAQ monitor and probe stand 
 
3.2.3.2.3 Manikin skin temperature and heat loss measurements 
Skin temperatures and heat losses from all 26 body segments of the thermal manikin were 
measured and recorded. The control method is the comfort control, which is based on Fanger’s 
comfort equation. During the experiment, real-time measurement results were displayed in the 
manikin program windows (Figure 3.13). Measurements data logged under steady-state condi-
tions were exported to Microsoft Excel format for further analysis. 
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Figure 3.13: Snapshot of manikin skin temperatures during measurements 
 
3.2.3.2.4 Manikin inhaled temperature 
A thermistor probe, Craftemp® from Gambro Crafon AB of Sweden, was used to measure the 
inhaled air temperature of the manikin (Figure 3.14). This type of probe is very small and light 
so that it could be mounted in the manikin’s mouth and measure the inhaled air temperature 
with fast response. The probe was connected to Agilent Data Acquisition Unit 34970A through 
screw-terminal connection (Figure 3.14). The Agilent 34970A consists of a three-slot mainframe 
with a built-in 6 ½ digit digital multimeter and is connected to a computer via the RS-232 inter-
face. Windows-based software named Agilent Benchlink Data Logger II was used to control the 
sampling and record and analyze the data. During the measurements, the analogue signal in 
ohms from the probe was continuously transformed into the digital signal by the 34970A and 
then collected by the software at a specified frequency, which in the present study was 2 Hz. 
 
Figure 3.14: CRAFTEMP thermistor probe and Agilent Data Acquisition Unit 34970A 
 
Before actual measurements, the Craftemp® probe was calibrated and the relationship between 
the measured resistance in ohms, R, and the corresponding air temperature, tinh, was found in the 
form of the following equation: 
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23.87 ( ) 233.4inht Ln R= − × +            (3.3) 
Data of resistance measured under steady conditions were converted into inhaled air tempera-
ture using the above equation. Since the manikin’s breathing cycle was set as 2.5s inhalation, 
2.5s exhalation, and 1.0s break during each measurement, the data recorded continuously by the 
measurement system included not only temperature of inhaled air during the 2.5s inhalation, 
also the temperature of air inside the mouth during the course of the 2.5 exhalation and the 1.0s 
break. Therefore, the full database was exported to Microsoft Excel program and data of air 
temperature exactly corresponding to the inhalation period were sorted out and analyzed. 
 
3.2.3.2.5 Tracer gas concentration measurements 
Tracer gas (SF6) measurements were performed to investigate the performance of the ATDs in 
terms of ability to provide occupants with fresh outdoor air. 
 
SF6 was continuously dosed at a constant rate into the supply duct of mixing ventilation with a 
Bronkhorst EL-FLOW® mass flow controller (F-201C-FAC) and FLOW-BUS digital power 
supply/readout system (E-7100-AAA) (Figure 3.15). This is to ensure a constant injection of 
SF6 to simulate the constant concentration in the ambient air. The 100% outdoor air supplied by 
the personalized ventilation system was kept free of SF6. 
 
Figure 3.15: Mass flow controller and digital power supply/readout system 
 
The SF6 was continuously sampled at several locations inside the environmental chamber by 
using an INNOVA Multipoint Sampler 1309 (Figure 3.16). The 1309 is a multiplexer that has 12 
inlet channels, each with a solenoid valve. Each inlet channel has a tube-mounting stub on the 
front panel of the 1309. The 12 tubes connect each channel to the respective sampling point. 
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The 12 inlet channels converge into one; a three-way valve then directs the gas sample to a gas 
monitor for analysis, or vents it to the waste-air outlet for purging the sampling lines. While the 
gas monitor is measuring the sample, the 1309 will purge the next sample line. The speed at 
which the 1309 transports gas samples from the sampling point is approximately 4 m/s, which, 
however, is dependent on the type of pump, the diameter of the tubing, and the length of tubing 
attached to the 1309. For each sampling tube, an air-filter is attached to its end to keep the sam-
ples free of particles. 
 
 
Figure 3.16: INNOVA Multipoint Sampler 1309 and Multi-gas Monitor 1312 
 
The gas monitor used in conjunction with the 1309 in the present study is INNOVA Photoacous-
tic Multi-gas Monitor 1312 (Figure 3.16). It uses a measurement principle based on the photo-
acoustic infra-red detection method and is capable of measuring almost any gas that absorbs 
infra-red light. Gas selectivity is achieved through the use of appropriate optical filters. By in-
stalling up to 5 of these filters in the 1312's filter carousel, it can selectively measure the con-
centration of up to 5 component gases plus water vapour in any air sample. The accuracy of 
these measurements is ensured by the 1312's ability to compensate for temperature and pressure 
fluctuations, water vapour interference, and interference from other gases known to be present. 
 
This sampling and monitoring system is set up and remote-controlled from a personal computer 
connected to the 1312 via the RS-232 interface. Communication between the 1312 and 1309 is 
via the IEEE-488 interface. INNOVA application software Win7620 was used to operate the 
communication between the 1312 and 1309 and to store and analyze the measured data. 
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In the present study, there were four SF6 sampling points distributed inside the chamber: one in 
the center of the chamber, two in the vicinity of the two ceiling return grilles, and one in the 
manikin’s mouth, through which air is inhaled. The fifth SF6 sampling point was inside the duct 
of the particular PV duct which delivered personalized air to the manikin. The placement of SF6 
sampling points and dosing point as well as connection of the sampling and dosing system are 
shown in Figure 3.17. 
Indoor Environmental Chamber
MV supply air 
 
Figure 3.17: Schematic representation of Distribution of SF6 dosing and sampling points 
 
 
3.2.4 Performance evaluation indices 
The indices for evaluating the performance of the two ATDs in terms of air quality they deliver 
to occupants include Personal Exposure Effectiveness (εp), Personal Exposure Index (εE) and 
inhaled air temperature. The indices for evaluating the performance regarding thermal comfort 
are equivalent temperature calculated based on the heat loss measured with manikin and draft 



















Tracer gas SF6 dosing point 
Tracer gas SF6 sampling point 
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y Personal exposure effectiveness (εp) 
The aim of PV is to provide occupants with 100% fresh and clean personalized air. An index 
expressing the percentage of personalized air in inhaled air, named personal exposure effective-
ness, εp, was derived from the following equation (Melikov et al., 2002): 
, 6 , 6
, 6 , 6
R SF I SF
P






              (3.4) 
 
Where CR, SF6 is SF6 concentration in the climate chamber (ppm),  
CPV, SF6 is SF6 concentration in personalized air (ppm),  
CI, SF6 is SF6 concentration in the inhaled air (ppm).  
 
The concentrations are averaged values taken over concentration measurement curves when 
steady-state conditions were reached. This index is equal to one if 100% of personalized air is 
inhaled and equal to zero if no personalized air is inhaled.  
 
y Personal exposure index (εE) 
The personal exposure index, εE, was based on the modification to the expression of ventilation 
effectiveness. Below the definition of ventilation effectiveness was briefly introduced first, fol-
lowed by the personal exposure index. 
 
The ventilation effectiveness, also called pollutant removal efficiency, is the effectiveness of an 
air distribution system in removing internally generated pollutants from the ventilated space. It 
can be expressed either as an average or overall relative effectiveness for the whole occupied 
zone or as a local relative effectiveness. The local ventilation effectiveness for the removal of 
pollutants, εV, is expressed as (Awbi, 2003): 
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                (3.5) 
Where CR is contaminant concentration in the exhaust air (ppm), 
CP is contaminant concentration at a point in the room (ppm), 
C∞ is contaminant concentration in the outdoor supply air (ppm). 
 
Based on the definition of ventilation effectiveness, personal exposure index, εE, was proposed 
by Brohus and Nielsen (1996) by replacing the contaminant concentration at a point in the room 
in Equation 3.5 with contaminant concentration in the inhaled air of a person. Therefore, the 








               (3.6) 
 
Where CI is contaminant concentration in the inhaled air of a person (ppm). 
 
The personal exposure index expresses the ventilation effectiveness actually experienced by a 
person in the ventilated room. Therefore, the distinction between the two indices is due solely to 
the presence of the person. For ventilation effectiveness, although the measurement of CP is 
taken at the same spatial location as in the case of personal exposure index, it does not take into 
account the local influence of the person (the upwards free convective flow around the body, 
person’s movement, etc.). 
 
In the present study, the personal exposure index, εE, is modified as (Melikov et al., 2002): 
, 6 , 6
, 6 , 6
R SF PV SF
E






  (3.7) 
 
Where CR, SF6 is SF6 concentration in the climate chamber (ppm),  
CPV, SF6 is SF6 concentration in personalized air (ppm),  
CI, SF6 is SF6 concentration in the inhaled air (ppm).  
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y Inhaled air temperature (tinh) 
Data acquisition sensor was mounted in the mouth of manikin, through which air is inhaled. 
Average readings were taken and analyzed when steady-state conditions were reached. Meas-
urement details were given in Section 3.2.3.2.4. 
 
y Equivalent temperature 
The definition of manikin-based equivalent temperature has been introduced in Section 3.2.3.1.1 
Manikin calibration. In the present study, the cooling effects of the non-uniform conditions cre-
ated with the PV ATDs were quantified by calculating the change in manikin-based equivalent 
temperature obtained in actual measurements with PV from reference conditions according to 
the following equation: 
eq eq eqt t t
∗∆ = −                (3.8) 
 
Where teq is manikin-based equivalent temperature in an actual environment (°C),  
t*eq is manikin-based equivalent temperature in reference conditions (°C). 
 
The ∆teq can be interpreted as the range of the individual control provided by PV ATD, in terms 
of the maximum change in the room air temperature (without local air motion or heating), that 
would have effected whole body heat loss equivalently. 
 
y Draft rating (Fanger, 1988) 
The draft rating, developed by Fanger (1988), is defined as: 
 
0.6223 0.62233.143(34 )( 0.05) 0.3696 (34 )( 0.05)A ADR v vTu vt t= − − + − −  (3.9) 
 
Where tA is the air temperature (°C), 
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v is the mean air velocity (m/s), 
Tu is the turbulence intensity (%). 
 
The draft rating was used to calculate the predicted percentage of dissatisfied due to draft dis-
comfort caused by the personalized air supply. 
 
3.2.5 Limitations of objective measurements 
The methodology of the objective measurements has some limitations, which are either due to 
the practical constraints of the experimental facilities’ capabilities or in consideration of the 
scope of the present study. Below these limitations are discussed in detail. 
3.2.5.1 Non-sweating manikin 
The manikin employed in the present study is not equipped with the sweating function. This is 
the practical limitation of the present study, as well as of some previous PV-related research 
work employing manikins operating based on the same principle (Melikov et al., 2002; 
Kaczmarczyk, 2003; Faulkner et al, 2004). 
 
In conditions where humans sweat, data from a manikin measuring dry skin heat loss only will 
result in an underestimation of the total skin heat loss, which consists of sensible skin heat loss 
(convection and radiation) and latent skin heat loss (evaporation of perspiration).   
 
Nevertheless, in the present study, assessments on the microclimate were given by the subjects 
being close to thermal neutrality. This was achieved by, before the start of the experiment ses-
sion of a day and between two consecutive experimental conditions in that session, exposing the 
subjects to a control room maintained at the same temperature as the chamber for sufficiently 
long time and encouraging them to adjust clothing during the exposure.   
 
Inside or close to thermal neutral zone, evaporative heat exchange represents a minor part of 
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total heat loss (Nilsson, 2004). Main evaporative heat loss is that from the lungs (through respi-
ration), with little or no contribution from perspiration (Hutcheon, 2005). Therefore, in the 
range of chamber temperature utilized by this study (23.5°C to 26°), little sweating was ex-
pected and contribution to the total skin heat loss via the perspiration could be considered insig-
nificant. This postulation has been, in a sense, confirmed by the subjective assessment result 
that under each experimental condition, their mean whole-body thermal sensation was lower 
than 0.6 on the scale of -3 (cold) to +3 (hot). Moreover, for their facial parts which are the major 
naked parts, their mean thermal sensation was below 0 under almost all conditions, suggesting 
that sweating was almost unlikely to occur. 
 
Consequently the comparison between the manikin-based equivalent temperature and the mean 
subjective thermal sensation makes sense. 
 
Nonetheless, a complete model of heat exchange needs to be developed, and this is a topic of 
further research. Once sweating has been successfully incorporated into the manikin, a more 
precise measurement of the sensible and latent heat exchange would be achieved. 
 
3.2.5.2 No humidification and generation of CO2 in manikin’s exhaled air 
Exhalation (through nostrils) from the manikin had very little influence on the inhaled air be-
cause the two independent air jets emerging from the nostrils had sufficiently high velocities 
that they could penetrate the boundary of the free convection flow around the manikin body and 
spread away from the face (Melikov, 2004). Consequently, very little amount of exhaled air 
would be re-inhaled by the manikin in its next breathing cycle. According to a study by Melikov 
et al. (2002), in which the manikin’s breathing mode was the same as the present study, the 
maximum amount of re-inhaled air in inhaled air was measured to be lower than 1%. Hyldgard 
(1994) also indicated that the exhalation formed one (from mouth) or two (from nostrils) jets 
penetrating the boundary layer locally and no short circuit took place between the exhalation 
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and inhalation at usual conditions. 
 
Therefore, the exhaled air is believed not to be the key parameter affecting the amount of per-
sonalized air in the inhaled air (personal exposure effectiveness) and the temperature of the in-
haled air. In other words, it will not influence the results of evaluation of the ATD performance 
with regard to inhaled air quality, which is based on measurement of concentrations of SF6 and 
inhaled air temperature.  
 
Thus, in the present study, the CO2 content was not added for the insignificant amount of 
re-inhaled air and the humidification of exhaled air was not performed for the slight difference 
in density of manikin exhaled air heated to 34°C and that of air exhaled by human-being. 
 
Same settings of manikin and similar assumptions regarding the possible effects of the RH and 
CO2 contents were also adopted in the study by Kaczmarczyk (2003) and the analyzed concen-
tration of gases in inhaled air proved to be unaffected by the lack of humidification and gas 
content. 
 
3.2.5.3 Relative humidity 
It has been found that air enthalpy (temperature and humidity) have a significant impact on per-
ceived air quality (Fang et al, 1998a, b). The acceptability of air is linearly related to the en-
thalpy and decreases with the increase of air temperature and humidity. Berglund and Cain 
(1989) indicated that the effect of temperature was stronger than that of humidity. 
 
In the present study, the relative humidity of the personalized air was not controlled due to the 
system limitation but measured at the “target point”, namely 15cm away in front of the mani-
kin’s nose and located on the exterior normal line of the ATD directed towards the manikin’s 
face. The measured RH ranged from 55%-70% under all conditions. 
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Linear relationship between acceptability and enthalpy was observed under both facial exposure 
and whole-body exposure scenarios in the study by Fang et al. (1998a, b). The model estab-
lished based on whole-body exposure is adopted to estimate the uncertainty of the effects of RH 
on subjects' perceived air quality because the subjects were exposed to the air with their whole 
body and assessed the air quality after certain time course. In the model, every 1kJ/kg enthalpy 
increase leads to 0.012 decrease of air quality acceptability with a scale of -1(very unacceptable) 
to +1(very acceptable).  
 
Therefore, at the three temperature levels studied, namely 21°C, 23.5°C, and 26°C, a RH fluc-
tuation of 55%-70% leads to maximum variation in air quality acceptability of 0.072, 0.084, and 
0.098, respectively. When mean RH level is 62.5%, these variations translate to uncertainty lev-
els of ±3.6%, ±4.2%, and ±4.9% on the acceptability scale of -1 to +1. Similar measurements of 
RH and the uncertainties of its effects on air quality acceptability were reported in the study by 
Sekhar et al. (2005), which employed the same experimental facilities as the present study. 
 
Moreover, the study employed tropical subjects who have been acclimatized to a slightly higher 
RH in their natural environment. Thus they might be much less sensitive to the RH fluctuating 
within the range of outdoor level than to the temperature conditioned to be much lower than the 
outdoor level. This has been underpinned by their assessments in relative humidity in this study, 
which has shown insignificant difference across different experimental conditions. 
 
3.3 Method for subjective assessments 
The subjective assessments were also carried out in the same controlled environmental chamber 
with the objectives of investigating the tropically-acclimatized subjects’ responses to the local 
thermal environment created with the PV and identifying the key factors for ATD design opti-
mization for practical application in the tropics. 
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3.3.1 Experimental facilities 
The detailed description of the chamber, the primary and secondary air-conditioning systems, 
and the ATDs is given in section 3.2.2. The ATD prototypes used in the subjective measure-
ments were Low-Tu CPP and High-Tu CPP. 
 
3.3.2 Experimental design 
3.3.2.1 Experimental conditions 
Subjective assessments were performed under the same combinations of ambient air and per-
sonalized air temperatures as those in the objective measurements but less levels of personalized 
air flow rate. Six flow rate levels chosen from the nine levels in the objective measurements 
with the manikin were supplied, i.e. 3, 6.5, 8.2, 11.4, 13.5, and 16L/s. Each subject underwent 
48 conditions, i.e. 4 (temperature combinations) by 6 (personalized air flow rates) by 2 (ATD 
prototypes), in a reasonably randomized sequence. The first 24 conditions were created with the 
Low-Tu CPP mounted at each of the six workstations. Upon completion of all conditions, the 
Low-Tu CPPs were demounted from each set of flexible duct and the High-Tu CPPs were 
mounted for the next 24 experimental conditions. All experimental conditions for the subjective 
measurements were summarized in Table 3.3. The information regarding the subjects involved, 
the detailed experimental procedures, and the questionnaires used will be given in the following 
sections. 
 
Table 3.3: Experimental conditions for subjective measurements 
 
Temperature combinations  
(ta – tpv, target, °C) 
Personalized air flow rate (L/s) 
23.5 – 21 3 6.5 8.2 11.4 13.5 16 
23.5 – 23.5 3 6.5 8.2 11.4 13.5 16 
26 – 23.5 3 6.5 8.2 11.4 13.5 16 
Low-Tu 
CPP 
26 – 26 3 6.5 8.2 11.4 13.5 16 
High-Tu 23.5 – 21 3 6.5 8.2 11.4 13.5 16 
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23.5 – 23.5 3 6.5 8.2 11.4 13.5 16 
26 – 23.5 3 6.5 8.2 11.4 13.5 16 
CPP 
26 – 26 3 6.5 8.2 11.4 13.5 16 
 
3.3.2.2 Subjects 
Twenty-four tropically acclimatized subjects, 12 male and 12 female, participated in the ex-
periment. The anthropometric data of the participants are given in Table 3.4. The subjects were 
recruited amongst the applicants who replied to the advertisement disseminated through emails 
and posted in the university. The criteria for selection were: health, absence of chronic disease 
or allergy, non-smokers. To assure the credibility of the subjects' responses, some precautions 
were taken before the commencement of the experiment: subjects were instructed to eat nor-
mally and sleep well before arrival at the chamber; no intake of any alcohol and drugs was al-
lowed 24 hours prior to the experiment; subjects were also asked to wear normal attire with high 
collar clothing to avoid possible draft to the neck, since the neck has been identified to be one of 
the areas that are most sensitive to draft (Fanger et al., 1988). Prior to the experiments, subjects 
participated in one briefing session. During the briefing, subjects familiarized themselves with 
the chamber and the personalized ventilation system as well as the experimental procedures. 
The questionnaires were explained to them and guidelines were given on how to fill up the 
questionnaires. 
 






Height (m) Weight (Kg) 
Body Surface 
Area (m2) 
Female 12 20 ± 1 1.60 ± 0.05 50.0 ± 7.0 1.49 ± 0.11 
Male 12 22 ± 1 1.74 ± 0.05 63.5 ± 9.1 1.76 ± 0.12 
Total 24 21 ± 1 1.67 ± 0.09 56.8 ± 10.8 1.63 ± 0.18 
 
3.3.2.3 Experimental procedures 
The subjects underwent all experimental conditions created with the Low-Tu CPP first. After the 
completion, the Low-Tu CPP at each workstation was demounted and the High-Tu CPP was 
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mounted. The whole set of measurements was then repeated. Therefore, the experimental pro-
tocol presented below was based on any one of the two sets of measurements. 
 
The experiments were conducted in daytime, divided into morning session and afternoon ses-
sion. The 24 subjects were divided into four groups of 6 persons. Two groups took part in the 
morning session that lasted from 0845hours to 1230hours and the other two groups in the after-
noon session lasting from 1345hours to 1730hours. Each group underwent six 15-minute expo-
sures during one half-day session (either morning or afternoon). Throughout a certain experi-
ment day, a certain combination of ambient air temperature and personalized air temperature at 
the target point was maintained and the ATD at each of the six workstations supplied personal-
ized air at one of the six designed flow rates. During each 15-minute exposure, the six subjects 
of one group were randomly assigned to the six workstations and hence experienced different 
personalized air flow rates. But it was ensured that each subject experienced all of the six work-
stations, i.e. all of the six levels of personalized flow rate, during the six 15-minute exposures of 
each half-day session. Unlike the experimental design in the draught study reported by Fanger et 
al. (1988), subjects in the present study did not follow the order of the personalized air flow 
rates exposure from low to high levels. The orders of air flow rate exposure were designed in a 
randomized way for the 24 tropically acclimatized subjects among all the exposed levels of air 
flow rate to minimize biased assessment. 
 
At each workstation, the position of the ATD was fixed and not allowed to be altered during the 
exposure. The subject at each workstation was required to sit with his/her face at a distance of 
approximately 150mm away from the sensor of an anemometer, which was placed at a fixed 
position relative to the ATD panel. Thus, the position of the sensor was the “target point” in re-
lation to the subject and the consistency of exposure to the designed personalized air tempera-
ture and flow rate was ensured. The distance of approximately 150mm was achieved by attach-
ing a string onto the side of the computer monitor on the workstation whereby the subject was 
able to check the distance from the ATD panel from time to time. Subjects were asked to adjust 
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the height of the chair to ensure that their faces were against the ATD panel and hence the per-
sonalized air would only be directed towards the facial area.   
 
Prior to the start of experiments on a day, subjects arrived at the air-conditioned lobby outside 
the chamber 15 minutes in advance. Thereafter, they entered the chamber and stayed in the 
air-conditioned control room (part of the annular space enclosing the inner chamber, as shown 
in Figure 3.1) for 30 minutes. The control room was maintained at the same ambient tempera-
ture as that of the inner chamber set for that day. During the stay, subjects were encouraged to 
adjust their clothing so that they could feel thermally neutral. When the 30-minute stay was up, 
subjects entered the inner chamber and sit at workstations allocated to them based on a random-
ized design. During the 15-minute exposure, subjects were not allowed to adjust their clothing. 
They were required to fill in some questionnaires displayed on the monitor of the computer at 
each workstation. The questionnaires and the timetable to complete it will be described in detail 
in next section. Apart from answering the questions, the subjects were allowed to perform some 
quiet activities like reading and surfing the internet except for the requirement of remaining 
seated. After the completion of the 15-minute exposure, this group of subjects returned to the 
control room and stayed there for 15 minutes, during which they were encouraged to adjust their 
clothing if they felt cool or warm. This was for them to restore their thermal sensation and 
therefore to eliminate the cumulative effects from the preceding exposure. After the 15-minute 
stay in control room, this group of subjects re-entered the inner chamber for the next round of 
15-minute exposure. 
 
The other group of subjects participating in the same half-day session arrived at the lobby 15 
minutes later than the first group and thus they entered the control room at the 15th minute of the 
first group’s 30-minute stay in the control room. Thus, when the first group of subjects under-
went their first 15-minute exposure in the inner chamber, the second group remained in the con-
trol room. Exactly when the first group completed the exposure and returned to the control room, 
the second group entered the inner chamber for the 15-minute exposure. Therefore, the two 
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groups of each half-day session alternatively shifted between the inner chamber and the control 
room during the course of the session. At any moment, there was one group in the control room 
and another group in the inner chamber. The procedures were repeated in the same sequence 
until all subjects have seated through all the six workstations, i.e. the six air flow rates, in this 
half-day session. 
 
3.3.2.4 Data collection and analysis 
The subjective responses were collected by means of computer-administered questionnaires. 
The questionnaires were presented to the subjects on the monitor screen of the computer allo-
cated to each workstation. The subjects filled in the questionnaires using the keyboard and 
mouse. At the end of each 15-minutes exposure, the completed set of questionnaires was sub-
mitted via a small-scale local area network (LAN) and all data were stored in the database of a 
server for future analysis.  
 
The set of questionnaires used consisted of two parts, namely questionnaires 1 and 2. This sec-
tion presents a brief description of the major questions thereof. The actual questionnaires are 
given in Appendix C. 
 
Questionnaire 1 was answered three times, i.e. every 5 minutes during the 15-minute exposure. 
It comprised two questions: thermal sensation and air movement perception. The thermal sensa-
tion was assessed on a 7-point scale (ASHRAE 2001). The two ends represented the two ex-
treme sensations, i.e. cold and hot, and were coded with -3 and +3, respectively. The middle 
point represented a neutral state and was coded as 0. Apart from the whole body, local body 
thermal sensation was evaluated separately for 5 body parts/clusters including facial part, neck, 
chest+shoulder+upper arm (rated as a whole), lower arm+hands (rated as a whole), and lower 
body. Air movement perception was reported in two steps. First the subjects rated the air 
movement perception at the same 5 body parts/clusters as used for thermal sensation. The scale 
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used was also a 7-point one, ranging from -3 to +3. The denotations of the numerical values are: 
(-3) much too still, (-2) too still, (-1) slightly still, (0) just right, (+1) slightly breezy, (+2) too 
breezy, (+3) much too breezy. If no air movement was felt, the corresponding answer "No" will 
be translated into the value of -4. Secondly, the subjects were asked to judge the acceptability of 
the sensed air movement at each of the 5 body parts/clusters and indicate any preferred change 
in the air movement at this specific body part/cluster. Linear visual analogue scale was used for 
assessment of the air movement acceptability. Its two end-points were coded as -1 (very unac-
ceptable) and +1 (very acceptable), with an interval in between at -0 (just unacceptable) and +0 
(just acceptable). Linear visual analogue scale without interval between the two halves was used 
for the question of air movement preference. The two end-points coded as -1 and +1 represented 
"less air movement" and "more air movement", respectively. The middle point coded as 0 rep-
resented "same air movement". 
 
Questionnaire 2, answered at the end of the 15-minute exposure, consisted of questions con-
cerning whole-body thermal comfort, indoor air quality, sick building syndrome (SBS) symp-
toms, and evaluation of noise level, lighting level, ergonomics level. The whole-body thermal 
comfort and the inhaled air quality were assessed based on the linear visual analogue scale with 
interval (-1: very unacceptable, -0: just unacceptable, +0: just acceptable, +1: very acceptable). 
Linear visual analogue scale without interval was used for other IAQ-related questions (inhaled 
air temperature, inhaled air humidity, odour of inhaled air, and freshness of inhaled air) and all 
SBS-related questions, with the two ends representing the two extreme sensations, respectively. 
The same scale was also applied to the evaluation of noise level, lighting level, and ergonomic 
level. At the end of the questionnaire, subjects were asked if they wore contact lens. 
 
In this study, only part of the answers of the above-mentioned questions were analyzed and re-
ported. They included the thermal sensation and air movement perception for facial parts in 
Questionnaire 1 and some questions regarding indoor air quality in Questionnaire 2. Statistical 
techniques were employed to ascertain statistical significance (p≤ 0.05) amongst the results ob-
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tained under different experimental conditions using one ATD prototype as well as between re-
sults obtained with the two ATD prototypes under a certain experimental condition. Nor-
mally-distributed data were tested with paired t-test or ANNOVA; data not normally distributed 
were subjected to a non-parametric Wilcoxon signed rank test or Friedman test.  
 
Chapter 6 is dedicated to the results of the subjective measurements and their comparison with 
the objective measurements using the breathing thermal manikin. 
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Chapter 4 Results and discussions: circular per-
forated panel (CPP) 
 
This chapter is divided into three parts: Sections 4.1 and 4.2 present results of the Low-Tu CPP 
and High-Tu CPP under various experimental conditions, respectively; Section 4.3 is dedicated 
to the comparison between the two ATD prototypes with regard to the performance assessment 
indices. The quality of inhaled air was evaluated based primarily on the indices calculated with 
measured tracer gas concentrations as defined in Section 3.2.4 and temperature of the inhaled air. 
The ability of the personalized ventilation to cool occupants and hence affect their thermal sen-
sation and thermal comfort was assessed by using the manikin-based equivalent temperature, 
which is a derived parameter based on sensible heat losses of different body segments of the 
breathing thermal manikin. Risk of local thermal discomfort caused by draft was predicted by 
using a draft rating model. The air turbulence characteristics, observed at the target point, were 
presented for each specific ATD. Air velocities measured by low velocity anemometer probes 
distributed around the manikin’s head region were also reported and compared. 
 
4. 1 Performance of Low-Tu CPP 
4.1.1 Personalized air velocity profile 
Figure 4.1 showed typical samples of instantaneous velocity of the personalized air flow sup-
plied from the Low-Tu CPP. Each section of wave curve was labeled with the corresponding 
flow rate. The data were measured by low velocity anemometer with a record interval of 0.2 s 
and each sample was taken during a period of 1 minute. The turbulence intensity, calculated as 
the ratio of the standard deviation of the velocity to the mean velocity, was within the range of 
10%~15% for all flow rate levels. 
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It should be noted that the velocities presented above were measured at the target point, which 
was 150mm away in front of the manikin’s nose and located exactly on the exterior normal line 
of the CPP directed towards the manikin’s face. 
 
The velocities measured by the anemometer probes located around the head region of the mani-
kin will be reported in Section 4.3. 
 
4.1.2 Air quality 
4.1.2.1 Inhaled air temperature 
The inhaled air temperature was measured simultaneously with the tracer gas measurements. 
Inhaled air temperature under both isothermal and non-isothermal conditions when ambient air 
temperature was 23.5°C was plotted against personalized air flow rate, as shown in Figure 4.2. 
The inhaled air temperature when the manikin was exposed to the reference condition with am-
bient air temperature at 23.5°C, as indicated by the dashed horizontal line in the figure, was ap-
proximately 26.8°C, much higher than the ambient temperature. This was because an upward 
free convection flow exists around the human body (Homma and Yakiyama, 1988; Melikov and 
Zhou, 1996). When the thermal manikin simulating an average human being was being heated, 
such a free convection flow was built up. The flow was slow and laminar with a thin boundary 
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layer at lower body parts and became faster and turbulent with a thick boundary layer all the 
way up to height of the head. During its path of going up, this flow induced and transported air 
from lower heights in the room to the breathing zone of the manikin (Brohus and Nielsen, 1996; 
Melikov et al., 2002; Melikov, 2004). Therefore, a large portion of the manikin’s inhaled air was 
from the free convection flow, which has a higher temperature than the ambient air.  
 
It is to be noted that, compared to the free convection flow, the exhalation of manikin, which in 
the present study was through nostrils, had very little influence on the inhaled air temperature. 
The reason was because the two independent air jets emerging from the nostrils had sufficiently 
high velocities so that they could penetrate the free convection flow boundary around the human 
body and spread away from the face. Consequently, very little amount of exhaled air would be 
re-inhaled by the manikin in next breathing cycle. According to study by Cermak and Majer 
(2000), in which the breathing mode chosen was the same as the present study, i.e. exhalation 
through nostrils and inhalation through mouth, the maximum amount of re-inhaled air in inhaled 
air was found to be lower than 1%. It was also found by Hyldgard (1994) that the exhalation 
formed one (from mouth) or two (from nostrils) jets penetrating the boundary layer locally and 
no short circuit took place between the exhalation and inhalation at usual conditions. 
 
Figure 4.2: Inhaled air temperature as a function of personalized air flow rate 































In actual measurements, the airflow pattern in the inhalation zone became more complicated 
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because of the invading personalized air supplied from ATD directed against the manikin’s face. 
Thus, the inhaled air temperature was affected by the interaction of the transverse personalized 
air flow with the upward free convection flow, which was influenced by characteristics of per-
sonalized air including direction, velocity, turbulence intensity, temperature and so forth as well 
as strength of the free convection flow and thickness of its boundary layer. Under 
non-isothermal condition of 23.5/21°C, the inhaled air temperature quickly decreased with the 
increase of the personalized air flow rate up to approximately 8.4L/s. Further increase of the 
flow rate resulted in marginal decrease of the inhaled air temperature. At flow rate levels higher 
than 12L/s, the temperature remained almost unchanged at a level of around 22.7°C, approxi-
mately 4°C lower than that under reference condition. This was because the invading cool per-
sonalized air at higher flow rates was strong enough to penetrate the warmer free convection 
flow layer and reached the manikin’s inhalation zone. However, when the flow rates went down, 
the personalized air’s initial momentum became weak and its mixing with the warm ambient air 
(on its way from the CPP outlet to the boundary layer of the free convection flow) and the free 
convection flow was intensified. Hence the air was not as cool as initial when it reached the in-
halation zone. Even at extreme low air flow rate such as 3L/s, the air was almost unable to reach 
the inhalation zone. The inhaled air temperature was further influenced by the drop of personal-
ized air flow forced by the buoyancy effect under non-isothermal conditions, which was in-
creasingly influential when the air flow rate became lower. Consequently the air inhaled by the 
manikin under low flow rate conditions was much warmer. As for isothermal condition of 
23.5/23.5°C, similar trend of the curve was observed at higher personalized air flow rates. The 
absolute values of the temperatures were approximately 1.8°C higher than those under 
23.5/21°C because the personalized air was supplied at a higher initial temperature and con-
trolled at 23.5°C at the target point which was 150mm away from the manikin’s nose. 
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Figure 4.3: Inhaled air temperature as a function of personalized air flow rate 































Curves of inhaled air temperature as a function of personalized air flow rate under conditions of 
26/23.5°C and 26/26°C (Figure 4.3) showed strong similarities to the aforesaid pair under 
23.5/21°C and 23.5/23.5°C, except that the absolute values of the temperature were higher be-
cause of the higher ambient temperature and higher personalized air temperature (condition of 
26/26°C). The reference condition with ambient temperature at 26°C raised the inhaled air tem-
perature to 29°C, approximately 2.2°C higher than that under 23.5°C reference condition. 
Compared to the curve of non-isothermal condition of 23.5/21°C, the lower flow rates portion 
of the curve of 26/23.5°C was not so steep. This was because the strength of the upward free 
convection flow at ambient air temperature of 26°C decreased in comparison with at ambient air 
temperature of 23.5°C, making the penetration of the personalized air at lower flow rates rela-
tively easier. Thus the elevation of inhaled air temperature with the decrease of the flow rate 
was not as fast as it was under condition of 23.5/21°C. It was noteworthy that the lower flow 
rates portion of the curve of 26/26°C was flatter because the personalized air flow was not sub-
ject to the buoyancy effect as it was under condition of 26/23.5°C. 
 
4.1.2.2 Personal exposure effectiveness 
The personal exposure effectives, used to assess the percentage of personalized air in the in-
haled air, was plotted against personalized air flow rate under experimental conditions of 
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23.5/21°C and 23.5/23.5°C as shown in Figure 4.4. Under both isothermal and non-isothermal 
conditions, the personal exposure effectives increased with the increase of air flow rate. The 
curves became flatter with the increase of the flow rate, indicating that the impact of increasing 
the flow rate on elevating the percentage of personalized air in the inhaled air declined. At flow 
rates higher than 10L/s up to 17L/s, the two curves overlapped and trended slightly upwards, 
corresponding to personal exposure effectiveness values ranging from approximately 0.4 to 0.45. 
At flow rates lower than 10L/s, the two curves were apart, with the non-isothermal one being 
inflected downwards faster due to the buoyant force which became more pronounced at low 
flow rates.  
 
Figure 4.4: Personal exposure effectiveness as a function of personalized air flow rate 
(23.5/21°C and 23.5/23.5°C, Low-Tu CPP) 
 
Figure 4.5: Personal exposure effectiveness as a function of personalized air flow rate 
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The personal exposure effectiveness curves under conditions of 26/23.5°C and 26/26°C (Figure 
4.5) followed the same trends as their counterparts under 23.5/21°C and 23.5/23.5°C, For all of 
the four curves, the increase of the personalized air flow rate from zero had no immediate effect 
on the personal exposure effectiveness. The personal exposure effectiveness started to increase 
with the personalized air flow rate only when the personalized air reached a certain threshold 
flow rate and hence became strong enough to disturb and partially penetrate the free convection 
flow around the manikin’s face and reached the inhalation zone. The threshold flow rates were 
lower under isothermal conditions (23.5/23.5°C and 26/26°C) than under non-isothermal condi-
tions (23.5/21°C and 26/23.5°C).  
 
It had been expected that the decreased strength of free convection flow around the manikin 
body at ambient air temperature of 26°C would promote the penetration of the personalized air 
and thus increase the portion of personalized air in the inhaled air. Nevertheless, this was not 
observed from the results of personal exposure effectiveness: no significant difference existed 
between each comparable pair (26/26°C and 23.5/23.5°C; 26/23.5 and 23.5/21°C) under an 
identical flow rate. For a given relative difference between the ambient and personalized air 
temperatures, the personal exposure effectiveness tended to be dependent very little upon the 
variation of the absolute values of the temperature combinations. This might have been the fact 
that the transverse personalized air flow supplied at most flow rate levels except 3L/s and 4.6L/s 
in the present study resulted in velocities at the target points higher than 0.3m/s and therefore 
was able to completely penetrate the free convection flow. As already found by previous studies 
(Brohus and Nielsen, 1994; Hyldgaard, 1994), at comfortable room ambient temperature a 
transverse invading flow from the front of the body at a mean velocity as low as 0.1m/s will 
substantially disturb the free convection flow and above 0.2m/s will peel it off. Thus, the low 
values of personal exposure effectiveness obtained in the present study were due primarily to 
the intensive mixing of the personalized air with the ambient air before it reached the boundary 
layer of the free convection flow.  
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4.1.3 Cooling effect 
Although the quality of the inhaled air is the most important perspective from which the per-
formance of personalized ventilation is evaluated, it ought also to be ensured that the ATD 
should be able to provide necessary cooling for the occupants in relatively warm ambient envi-
ronments. This point is particularly important in the context of tropical areas, where people need 
more cooling. The air movement generated by the personalized ventilation increased the sensi-
ble heat loss from the manikin body. Increasing the personalized air supply rate and decreasing 
its temperature would further increase the heat losses. As aforementioned, in the present study, 
the difference in the manikin-based equivalent temperature caused by PV from that measured 
under reference condition (without PV running), ∆teq, was used to quantity the cooling effect of 
the ATDs on the heat losses from the manikin’s whole body as well as the 26 body segments. 
Figures 4.6 and 4.7 showed the cooling effect for the manikin’s whole body and for each of the 
26 body segments separately, measured under ambient temperature of 23.5°C and personalized 



















































































































































Figure 4.6: Impact of personalized air flow rate on the cooling of the manikin 
whole-body and individual segments (23.5/21°C, Low-Tu CPP) 
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Figure 4.7: Impact of personalized air flow rate on the cooling of the manikin 
whole-body and individual segments (23.5/23.5°C, Low-Tu CPP) 
 
The CPP’s outlet panel was directed against the manikin’s facial parts and therefore the cooling 
effect was most pronounced for the manikin’s head region including skull (forehead), left face, 
right face and back of neck and for the upper body parts mainly including left chest and right 
chest. The lower parts of the body were not very much affected by the personalized air. As ex-
pected, under both isothermal and non-isothermal supply, the cooling effect increased with the 
increase of personalized air supply flow rate and reached the maximum at 17L/s. At the same 
level of flow rate, non-isothermal supply caused more cooling than the isothermal supply. For 
personalized air at 21°C, the biggest differences in manikin-based equivalent temperature from 
that measured under reference condition, i.e. the highest cooling effect achieved, were approxi-
mately -11°C for the left face and -1°C for the whole body, respectively. For personalized air at 
23.5°C, these two values were approximately -8.6°C for the left face and -0.6°C for the whole 
body, respectively. Certain differences of ∆teq values between the left and right parts of the face 
were observed under both isothermal and non-isothermal supply conditions and the differences 
were more evident under higher personalized air flow rates. Such non-uniformity might be 
caused by the position of the ATD, which was not exactly centered in front of the manikin’s face, 
as well as by the fact that the impact of the air distribution from the ATD which in fact was not 
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entirely uniform was amplified when the personalized air was supplied at higher flow rates. 
 
Curves of the cooling effect as a function of personalized air flow rate under ambient tempera-
ture at 26°C showed similar patterns to the abovementioned two under ambient temperature at 
23.5°C and hence were not presented in this section. More details and discussion about the fa-
cial as well as whole-body cooling effect achieved with the Low-Tu CPP will be presented to-
gether with the results of the High-Tu CPP for comparison in Section 4.3. Results of draft rating 
obtained with the two ATDs will also be reported and compared in Section 4.3. 
 
4.2 Performance of High-Tu CPP 
4.2.1 Personalized air velocity profile 
Typical samples of instantaneous velocity of the personalized air flow supplied from the 
Low-Tu CPP were presented in Figure 4.8. Each section of wave curve was labeled with the 
corresponding flow rate. The data were measured by low velocity anemometer with a record 
interval of 0.2 s and each sample was taken during a period of 1 minute. The turbulence inten-
sity was within the range of 40%~45%. 
 






























Same as the Low-Tu CPP, the velocities depicted above were measured at the target point, 
which was 15cm away in front of the manikin’s nose and located exactly on the exterior normal 
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line of the CPP directed towards the manikin’s face. 
 
The velocities around the manikin’s head region will be reported in Section 4.3 to compare with 
those measured with the Low-Tu CPP. 
 
4.2.2 Air quality 
4.2.2.1 Inhaled air temperature 
The pattern of the curves of inhaled air temperature as a function of personalized air flow rate 
obtained with the High-Tu CPP was very much similar to that with the Low-Tu CPP. Figure 4.9 
depicted how the temperature of the inhaled air varied with the increase of the personalized air 
flow rate under isothermal condition of 23.5/23.5°C and non-isothermal condition of 23.5/21°C. 
Under both conditions, the inhaled air temperature decreased with the increase of personalized 
air flow rate. Again, the curve under isothermal condition was located consistently above that 
under non-isothermal condition, indicating significantly different temperatures at each level of 
flow rate. At flow rates higher than 11.4L/s, both curves reached their steady state and further 
increase in flow rate had very little influence on the temperature. The temperature difference 
corresponding to this flow rate range, namely 11.4L/s up to 18.8L/s, remained almost un-
changed at a level of approximately 1.8°C. At flow rates lower than 11.4L/s, the temperature 
difference decreased gradually with the decrease of the flow rate because the curve under 
non-isothermal condition trended upwards with a speed faster than the curve under isothermal 
condition. This was because, apart from the lower initial momentum at lower flow rates, the 
buoyancy effect due to the temperature difference between the ambient and the personalized air 
forced the personalized air flow to deflect downwards, further preventing it from reaching the 
manikin’s inhalation zone. 
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Figure 4.9: Inhaled air temperature as a function of personalized air flow rate 
































Figure 4.10: Inhaled air temperature as a function of personalized air flow rate 































Inhaled air temperatures as a function of personalized air flow rate supplied both isothermally 
and non-isothermally under ambient air temperature at 26°C were shown in Figure 4.10. Both 
curves trended downwards at lower flow rates, indicating that the air inhaled by the manikin 
became cooler with the increase of personalized air flow rate, and then approached steady states, 
indicating that further increase of flow rates could not lower the inhaled air temperatures very 
much. At lower levels of flow rate, the curve under condition of 26/26°C was flatter than that 
under condition of 26/23.5°C because the jet trajectory of the personalized air flow in the latter 
condition was deflected downwards by the buoyant force acting vertically on it from its original 
direction. At flow rates higher than 11.4L/s, both curves approached their steady states at ap-
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proximately 27.2°C and 25.7°C, respectively. Similar to the scenario taking place under condi-
tions with the Low-Tu CPP, the lower flow rates section of the curve under non-isothermal con-
dition of 23.5/21°C was steeper than that under the non-isothermal condition of 26/23.5°C, in-
dicating the faster increase of inhaled air temperature with the decrease of personalized air flow 
rate. This was because the upward free convection flow around the manikin body under ambient 
air temperature at 23°C was stronger than under ambient air temperature at 26°C. This increase 
of strength was considerably influential when the personalized air flow rate was low. Therefore 
the invading personalized air flow encountered more resistance from this free convection flow 
and was hindered from penetrating the flow boundary and reaching the manikin’s mouth.  
 
4.2.2.2 Personal exposure effectiveness 
 air, expressed as personal exposure effective-The percentage of personalized air in the inhaled
ness, was plotted as a function of personalized air flow rate for all of four temperature combina-
tions in Figures 4.11 and 4.12. The two pairs of curves under ambient air temperature of 23.5°C 
and 26°C show strong similarities in terms of absolute values of the personal exposure effec-
tiveness at a certain personalized air flow rate and in terms of overall trends of the curves and 
the relative difference between the isothermal and non-isothermal supplies. Consistent with the 
results of Low-Tu CPP, at a given relative temperature difference between ambient and person-
alized air (0°C for isothermal condition and 2.5°C for non-isothermal condition), the variation 
of the absolute values of the two temperatures did not yield significant difference in personal 
exposure effectiveness. The explanations have been articulated in the preceding Section 4.1.2.2.  
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Figure 4.11: Personal exposure effectiveness as a function of personalized air flow 
































Figure 4.12: Personal exposure effectiveness as a function of personalized air flow 






























With the increase of flow rate, all curves climbed upwards, meaning the increase of personal 
exposure effectiveness values. The increase was rapid at lower flow rates and then slowed down 
gradually with the increase of flow rate. The maximum values of personal exposure effective-
ness for all conditions were approximately 0.33, achieved at the highest flow rate of 18.8L/s. At 
lower flow rates, personal exposure effectiveness values under non-isothermal condition were 
lower than those under isothermal condition due to buoyancy effect which was pronounced 
when the personalized air flow rates were low. The influence of the buoyancy became marginal 
with the increase of the flow rates and hence the non-isothermal curve trended closer and closer 
to the isothermal one. Each pair of curves (isothermal and non-isothermal conditions at a given 
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ambient temperature) overlapped at high flow rates and finally reached steady states, i.e. the 
maximum of personal exposure effectiveness. 
 
4.2.3 Cooling effect 
Figures 4.13 and 4.14 presented the cooling effect for the manikin’s whole body and each indi-
vidual body segments achieved with the High-Tu CPP under conditions of 26/23.5°C and 
26/26°C, respectively. It was observed that the segmental as well as whole-body cooling effects 
increased with the increase of personalized air flow rate. Non-isothermal supply yielded greater 
∆teq than the isothermal supply. Similar to results obtained with the Low-Tu CPP, the personal-
ized air flow supplied from the High-Tu CPP directed towards the manikin’s face mainly af-
fected the heat loss from the head region including forehead, left face, right face, and the neck. 
The highest ∆teq obtained under temperature combination of 26/23.5°C was approximately 
-7.4°C for the right face when the flow rate was 18.8L/s. The corresponding whole-body ∆teq 
under the same condition was approximately -1.2°C. Under combination of 26/26°C, the great-
est cooling effects on the facial parts and on the whole body obtained at the maximum flow rate 
of 18.8L/s were equivalent to approximately -5.6°C (right face) and -0.4°C, respectively. Again, 
some nonuniformity was observed between the left and right facial parts and other upper body 
segments. Such nonuniformity was probably caused by the ATD not being positioned exactly 
symmetrical to the manikin, and the air distribution from the ATD not being entirely uniform.  
 
A similar pattern was observed for results obtained under temperature combinations of 
23.5/21°C and 23.5/23.5°C (data not presented). Comparisons between the two ATDs with re-
gard to the facial and whole-body cooling effects will be given in Section 4.3. Draft rating will 
also be included in Section 4.3. 
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Figure 4.13: Impact of personalized air flow rate on the cooling of the manikin 




















































































































































Figure 4.14: Impact of personalized air flow rate on the cooling of the manikin 
whole-body and individual segments (26/26°C, High-Tu CPP) 
 
4.3 Performance comparison between two ATDs 
This section focuses on the comparison between the two ATDs with emphases being placed 
upon the similarities and differences. Detailed results and discussions that have been articulated 
separately for each ATD in the preceding sections will not be reiterated. 
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4.3.1 Air velocity profile 
The air velocities around the manikin’s head region were recorded for 10 minutes after the equi-
brium was established for each experimental setting. Figure 4.15 schematically showed the 
emometer probes in front of the manikin’s face. The distribution 
ment 2L/s. 
L pt.1, CL pt.2 and CL pt. 3 (points no. 1, 2, 3 in Figure 4.15) were three points on the ATD’s 
li
locations of omni-directional an
of the probes was identical for Low-Tu CPP and High-Tu CPP. 
 
Figure 4.15: Schematic view of the anemometer probes’ distribution around the mani-
kin’s head region 
 
Figure 4.16 depicted the air velocities measured at 9 points distributed over the microenviron-
 of the manikin at ambient air temperature of 26°C and personalized air flow rate of 8.
C
centerline, 23cm, 15cm, and 7cm away from the manikin’s nose, respectively. Note that the CL 
pt.2 was the “target point”. Another 5 probes were placed around the head region of the manikin: 
two symmetrically at the left and right sides of the face with a distance of 2.5cm to the surface 
and 2.5cm from the centerline (points no. 5, 6); two centrally positioned in front of the forehead 
and neck at a distance of 4cm, respectively (points no. 7, 4); and one placed 5cm overhead in 
the vertical central axis through the head (point no. 9). The no.8 probe was centrally situated 
close to the chest at a distance of 10cm. All probes, except the two at the two sides of the face, 
were in the symmetrical plane perpendicularly sectioning the ATD and the manikin. 
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 26/26C, High-Tu CPP
 26/23.5C, High-Tu CPP
 26/26C, Low-Tu CPP
 26/23.5C, Low-Tu CPP
 
Figure 4.16: Air velocities measured on CPP centerline and in the vicinity of manikin’s 
head region (personalized air flow rate 8.2L/s) 
 
Velocities at CL pt.2, the “target point”, were well controlled at a level of approximately 
0.45m/s for the four combinations of ambient and personalized air temperatures. Certain asym-
metry occurred between the left and right sides of the manikin’s face. It was probably caused by 
the CPP not being positioned exactly symmetrical to the manikin. Another reason was that the 
personalized air inside the flexible duct had to negotiate a duct-elbow immediately before it en-
tered the CPP shaped as a truncated cone. Such deflection of air flow led to pressure and veloc-
ity asymmetry. Significant differences between the two ATDs were observed at the manikin’s 
forehead, neck, and top of head. Under both isothermal and non-isothermal conditions, at these 
three locations velocities associated with the Low-Tu CPP were consistently higher than those 
with the High-Tu CPP. The reason was that air jets delivered from High-Tu CPP intensively 
varied in spontaneous momentum, due to the disturbance of the swiveling damper. On the con-
trary, jets of a lower initial turbulence were able to generate a longer potential core region and 
more “uniform velocity profile” (Melikov, 2004). At the same air flow rate, the latter has a lar-
ger horizontal momentum enabling it to more easily penetrate the layer of warm convective air 
generated by thermal plume of the manikin. For both Low-Tu CPP and High-Tu CPP, velocities 
at forehead and top of head were higher under isothermal conditions but velocity at neck was 
higher under non-isothermal conditions. The buoyancy force acting on the personalized air flow 
when it was supplied non-isothermally deflected its trajectory downwards from its original di-
rection, leading to less momentum at forehead and top of head but additional acceleration to-
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wards the neck. Similar characteristics of the velocities were observed for results at other flow 
rates as well as for conditions under ambient temperature of 23.5°C. 
 
4.3.2 Inhaled air quality 
Figures 4.17 and 4.18 compared the inhaled air temperature measured with the two ATDs at 
ambient air temperature of 23.5°C and 26°C, respectively. Strong similarities were observed for 
the results obtained with the two ATDs: the inhaled air became cooler with the increase of per-
sonalized air flow rate and the increase of the relative difference between the ambient and per-
sonalized air temperatures. Under any given combination of ambient and personalized air tem-
peratures, the inhaled air temperatures achieved with the Low-Tu CPP were consistently lower 
than those with the High-Tu CPP over the entire flow rate studied, though the difference at any 
flow rate was not very considerable (less than 1°C). 
 
Figure 4.17: Comparison of inhaled air temperature achieved with Low-Tu CPP and 



























23.5/23.5°C, Low -Tu CPP
23.5/21°C, Low -Tu CPP
23.5/23.5°C, High-Tu CPP
23.5/21°C, High-Tu CPP T=26.8°C at reference condition
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Figure 4.18: Comparison of inhaled air temperature achieved with Low-Tu CPP and 



























26/26°C, Low -Tu CPP
26/23.5°C, Low -Tu CPP
26/26°C, High-Tu CPP
26/23.5°C, High-Tu CPP
T=29°C at reference condition
 
The differences in personal exposure effectiveness measured with the two ATDs were revealed 
in Figures 4.19 and 4.20. Figure 4.19 presented the data for temperature combinations of 
23.5/23.5°C and 23.5/21°C and Figure 4.20 for 26/26°C and 26/23.5°C. Curves of Low-Tu CPP 
were consistently located above those of High-Tu CPP, and the difference between any pair of 
corresponding points was significant. The invading personalized air with longer potential core 
region and lower turbulence intensity caused less mixing with the ambient air on its path to the 
manikin’s inhalation zone. Even at very low flow rates, the air was able to disturb and partially 
penetrate the boundary of the free convection flow. However, the maximum value of personal 
exposure effectiveness achieved by the Low-Tu CPP at highest flow rate (17L/s) was less than 
0.5, indicating that percentage of personalized air free of pollutant accounted for less than 50% 
in the total inhaled air. 
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Figure 4.19: Comparison of personal exposure effectiveness achieved with Low-Tu CPP 



























s 23.5/23.5°C, Low -Tu CPP





Figure 4.20: Comparison of personal exposure effectiveness achieved with Low-Tu CPP 



























s 26/26°C, Low -Tu CPP




Ventilation effectiveness, also known as pollutant removal efficiency or contaminant removal 
effectiveness, is another important index that has been widely used for assessment of the air 
quality performance of total-volume mixing ventilation, displacement ventilation, as well as 
personalized ventilation. It is the effectiveness of an air distribution system in removing inter-
nally generated pollutants from the ventilated space. It can be expressed either as a local relative 
effectiveness or as an average or overall relative effectiveness for the whole occupied zone. The 
local ventilation effectiveness at a certain point in the occupied zone, e.g. the height of breathing 
zone, is expressed as the ratio of the difference between the contaminant concentration in the 
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exhaust air and that in the outdoor supply air to the difference between the contaminant concen-
tration at the certain point and that in the outdoor supply air.  
 
For measurements with the involvement of a human-being or a manikin, the presence of the 
human-being or the manikin must be taken into consideration because it may modify the effec-
tiveness of the air distribution. The effects mainly come from six aspects: excess surface tem-
perature, respiration, obstacle, movement, heat emission, and contaminant emission. Therefore, 
to accurately quantify the ventilation effectiveness actually experienced by a person or manikin 
in a ventilated room, an index called personal exposure index was proposed by Brohus and 
Nielsen (1996) by substituting the contaminant concentration at a certain point in the expression 
of ventilation effectiveness with the concentration of inhaled contaminant, which sometimes 
also designated “exposure”. Thus, the distinction between the conventionally-defined ventila-
tion effectiveness and the personal exposure index is due solely to the presence of a person or 
manikin. 
 
According to the definition formulae of personal exposure index (εE) and personal exposure ef-
fectiveness (εP) given in Section 3.2.4, the former can be calculated from the latter, using equa-
tion: 1 (1 )E Pε ε= − . The personal exposure index as a function of personalized air flow rate 
under all experimental conditions of the present study was presented in Figures 4.21 and 4.22. 
 
Figure 4.21: Comparison of personal exposure index achieved with Low-Tu CPP and 
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Figure 4.22: Comparison of personal exposure index achieved with Low-Tu CPP and 




















26/26°C, Low -Tu CPP




On account of the deterministic relationship with the personal exposure effectiveness, the per-
sonal exposure index values obtained from all experimental conditions showed same character-
istics as the personal exposure effectiveness as follows: 
 
a) The personal exposure index increased monotonically with the increase of personalized air 
flow rate. The maximum value of approximately 1.85 was obtained at the highest air flow 
rate with Low-Tu CPP. 
b) Under both isothermal and non-isothermal supply conditions, the personal exposure index 
was significantly influenced by the turbulence intensity of the personalized air. The differ-
ence between the Low- and High-Tu ATDs went up with the increase of flow rate.  
c) The buoyancy effect acting on the personalized flow under non-isothermal conditions was 
negligible under higher flow rates and became pronounced gradually with the reduction of 
air flow rate.  
 
In the study by Faulkner et al. (1999), apart from ACE, pollutant removal efficiencies (PRE) 
obtained from the PEM and ClimaDesk operating under different experimental conditions were 
investigated by using three different tracer gases to simulate indoor-generated pollutants pas-
sively emitted from floor covering and from nearby occupants (manikins), respectively. The 
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value of PRE was defined as the time-average concentration of tracer gas sampled at the re-
turn/exhaust duct divided by the time-average concentration of tracer gas sampled in the occu-
pants’ breathing zone. High values of PRE (~1.2 to 1.6) were obtained when the PEM and Cli-
maDesk systems supplied 100% outdoor air at a flow rate of 7 to 9L/s per occupant.  
 
The term “ventilation effectiveness” was used instead of PRE in experiments conducted by 
Cermak and Majer (2000). But it should be particularly pointed out that these two names actu-
ally refer to the same ventilation efficiency indicator, i.e. the description of an air distribution 
system’s ability to remove internally generated pollutants from a building, zone, or space. In 
their study, the impact of the presence of the heated manikin on the ventilation effectiveness was 
taken into account by calculating the ventilation effectiveness using tracer gas concentration 
measured in the manikin’s inhaled air, i.e. the definition formula for personal exposure index 
was used, though the term “ventilation effectiveness” was used in data analyses. As one of the 
five personalized ventilation air terminal devices studied, the PEM produced ventilation effec-
tiveness values of approximately 1.5 when supplying outdoor air both isothermally and 
non-isothermally at flow rate range of 9.1 to 23.1L/s. The results were in agreement with 
Faulkner’s results from the experimental conditions in which pollutants emitted from nearby 
occupants were simulated. It is, however, to be noted that the manikin used by Cermak and Ma-
jer was heated and breathing periodically whereas in Faulkner’s study the manikin was only 
heated but non-breathing. This might cause to some extent difference in the resultant tracer gas 
concentrations and ventilation effectiveness/PRE values.  
 
4.3.3 Facial and whole-body cooling effect 
As already identified in preceding sections, under all experimental conditions, the most cooled 
body segments of the manikin were facial parts because the ATD outlet panel was directed to-
wards the head. The change in facial equivalent temperature caused by personalized air from 
that measured in the reference condition (without PV), ∆teq, was plotted against personalized air 
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flow rate for all conditions at ambient temperature of 23.5°C in Figure 4.23 and for all condi-
tions at ambient temperature of 26°C in Figure 4.24. For all temperature combinations, the ∆teq 
monotonically increased with the increase of air flow rate. At a certain ambient air temperature, 
non-isothermal supply caused more cooling and consequently greater ∆teq than isothermal sup-
ply at a given flow rate level. Such increment became bigger with the increase of air flow rate. 
The impact of the turbulence intensity of the personalized air on the cooling effect was signifi-
cant: under a given condition, the Low-Tu CPP yielded greater ∆teq than the High-Tu CPP did. 
This was because the longer potential core region of personalized air jet with lower turbulence 
intensity made the cooling effect of the air more localized and concentrated at the manikin’s 
facial parts. The much stronger fluctuation of the personalized air with higher turbulence inten-
sity, however, to a large extent promoted mixing with ambient air and free convection flow 
around the manikin and was more divergent, spreading the cooling effect to a broader region 
beyond the manikin’s head. Thus, the personalized air hitting the manikin’s face had less mo-
mentum and higher temperature, which substantially weakened its cooling potential. It was 
noteworthy that, in Figure 4.23, the curves of Low-Tu CPP under isothermal condition of 
23.5/23.5°C was very much close to that of High-Tu CPP under non-isothermal condition of 
23.5/21°C and, at high flow rate levels, yielded greater ∆teq. This tended to suggest that the fa-
cial cooling effect of supplying isothermal personalized air at low turbulence intensity was 
equivalent to and even outweighed that of supplying personalized air 2.5°C cooler than the am-
bient air but at a higher turbulence intensity. Nevertheless, this was not supported by the results 
obtained at ambient temperature of 26°C. The curve of Low-Tu CPP under 26/26°C lay consis-
tently above the curve of High-Tu CPP under 26/23.5°C (Figure 4.24) but the relative difference 
in between was rather small. The plausible explanation might be that the decreased strength of 
the upward free convection flow around the manikin due to the increase of ambient temperature 
made the penetration of personalized air relatively easier. Thus, more cooling potential of 
non-isothermal personalized air at higher turbulence intensity were retained. Although the cool-
ing potential of the Low-Tu personalized air was also elevated to a certain extent, the increment 
of the High-Tu personalized air might have been greater. 
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Figure 4.23: Comparison of ∆teq at facial parts between Low-Tu CPP and High-Tu 
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Figure 4.24: Comparison of ∆teq at facial parts between Low-Tu CPP and High-Tu 
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The two ATDs’ cooling effects on the manikin’s whole body were compared over the personal-
ized air flow rate range under all temperature combinations. Figure 4.25 presented the results 
for ambient temperature of 23.5°C and Figure 4.26 for 26°C. Generally the whole-body ∆teq in-
creased with the increase of personalized air flow rate. Non-isothermal supply conditions led to 
more cooling than their isothermal counterparts. Nevertheless, it was observed that the vast ma-
jority of data points were located above the ∆teq value of -1.0°C, indicating that the cooling ef-
fects of both ATDs on the manikin’s body as a whole were rather marginal under most condi-
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tions. Although the cooling effects at facial parts were considerably pronounced, they contrib-
uted very little to the reduction of equivalent temperature of the whole-body, which was the 
area-weighted average over the total 26 body segments. Thus, the observed differences in ∆teq at 
facial parts between the Low-Tu CPP and High-Tu CPP over the flow rate range under a given 
temperature combination were not translated into corresponding clear differences in the 
whole-body ∆teq between the two ATDs: the pairs of curves crossed and overlapped without 
consistent relative difference existing. 
 
Figure 4.25: Comparison of whole-body ∆teq between Low-Tu CPP and High-Tu CPP 
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Figure 4.26: Comparison of whole-body ∆teq between Low-Tu CPP and High-Tu CPP 
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4.3.4 Draft rating 
The draft rating calculated based on the environmental parameters created with the two ATDs 
was plotted as a function of personalized air flow rate in Figure 4.27 for conditions at ambient 
temperature of 23.5°C and in Figure 4.28 for conditions at ambient temperature of 26°C. The 
measuring probe was the No. 3 shown in Figure 4.15, i.e. the closest one to the manikin’s face 
on the centerline of the ATD panel. As expected, all curves trended upwards with the increase of 
flow rate. For a given ATD, non-isothermal supply condition yielded a greater draft rating than 
the isothermal condition over the flow rate range studied. Under a certain temperature combina-
tion, the draft rating caused by the Low-Tu CPP was higher than that by the High-Tu CPP and 
the difference was amplified by the increasing flow rate. This was because the longer potential 
core region of the personalized air with low turbulence intensity led to lower air temperature 
and higher velocity at the measuring point in comparison with those achieved with the more 
fluctuating and divergent personalized air supplied from the High-Tu CPP, which promoted the 
mixing with the ambient air and the free convection flow around the manikin. According to the 
formula of draft rating, the draft rating increases with the increase of air velocity and turbulence 
intensity and the decrease of air temperature. In the present case, under a same temperature 
combination, the impact of the low air temperature and high velocity achieved with the Low-Tu 
CPP at the measuring point far exceeded that of the high Tu caused by the High-Tu CPP. 
 
Figure 4.27: Comparison of draft rating between Low-Tu CPP and High-Tu CPP un-
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It was noteworthy that, in Figure 4.27, the curve of Low-Tu CPP under condition of 23.5/23.5°C 
he same scenario was not observed at ambient temperature of 26°C: the curve of Low-Tu CPP 
 
ccording to the results, the draft rating values under most flow rate levels were above the 
was located consistently above that of High-Tu CPP under non-isothermal condition of 
23.5/21°C. The reason was that, although the air temperature at the target point was controlled 
at 21°C, the strong fluctuation of the personalized air supplied from the High-Tu CPP and the 
consequent intensive mixing with the ambient air and free convection flow around the manikin 
to an extent that caused temperature rise and momentum loss of the personalized air reaching 
the measuring probe. Thus the resultant draft rating was less. Such an observation was consis-
tent with the relative difference between facial cooling effect of Low-Tu CPP under 23.5/23.5°C 
and that of High-Tu CPP under 23.5/21°C, as discussed in Section 4.3.3.  
 
T
under 26/26°C lay below that of High-Tu CPP under 26/23.5°C (Figure 4.28). Explanation for 
the relative difference between the corresponding facial cooling effects (Low-Tu CPP under 
26/26°C and High-Tu CPP under 26/23.5°C) given in Section 4.3.3 could be applied. 
 
Figure 4.28: Comparison of draft rating between Low-Tu CPP and High-Tu CPP un-
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yardstick of 15% prescribed by international standards such as ISO7730 (1994) and ASHREA 
55 (2004). Nevertheless, it should be borne in mind that the draft rating model used in the pre-
sent study was derived for air movement exposure from behind (Fanger et al, 1988). Several 
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studies have showed that occupants’ complaints due to draft sensation were significantly lower 
for air flow from front (Mayer and Schwab, 1988; Toftum et al., 1997). Therefore, the draft rat-
ing reported and discussed above might overestimate occupants’ draft discomfort. 
 
4.4 Summary 
f the Low-Tu CPP and High-Tu CPP with regard to inhaled air quality and 
 Both ATDs were able to achieve better inhaled air quality and effectively cool the manikin as 
 he personal exposure effectiveness, inhaled air temperature, facial and whole-body cooling 
 nder a certain temperature combination, Low-Tu CPP led to significantly higher personal 
 he maximum facial and whole-body cooling effects were -8.6°C and -1.3°C for Low-Tu 
 nder an identical condition, the calculated draft rating of Low-Tu CPP was significantly 
The performance o
thermal comfort was evaluated and compared. The following conclusions were drawn: 
 

compared with reference condition without personalized ventilation.  
 
T
effect, and drafting rating were dependent upon the personalized air flow rate, combination 
of ambient and personalized air temperatures, and personalized air turbulence intensity. 
 
U
exposure effectiveness and lower inhaled air temperature than High-Tu CPP over the flow 
rate range studied. 
 
T
CPP and -6.1°C and -1.2°C for High-Tu CPP. Under a given temperature combination, 
Low-Tu CPP yielded significantly greater facial cooling effect than High-Tu CPP over the 




higher than that of High-Tu CPP. 
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Chapter 5 Results and discussions: desk-
top-mounted grille (DMG) 
 
The measurements results of the desk-mounted grille (DMG) are presented in this chapter, 
which is divided into four parts. The first part reports a detailed investigation of the performance 
of the DMG at the typical experimental conditions (ambient temperature/personalized air tem-
perature: 26/26°C, 26/23.5°C, 26/21°C) with its adjustable vanes directed towards the mouth of 
the manikin, i.e. approximately 60° from the horizontal. The impact of ambient temperature 
(decreased from 26°C to 23.5°C) and the grille vanes’ angle (adjusted at approximately 45° and 
20° from the horizontal plane) on the performance is documented in the second and third parts, 
respectively. The fourth part compares the performance between the DMG and the Low-Tu CPP. 
 
5.1 Typical experimental conditions and grille vanes’ angle 
The typical conditions consisted of three combinations of ambient and personalized air tem-
peratures, i.e. 26/26°C, 26/23.5°C, and 26/21°C. Under each combination, the performance of 
the DMG with its adjustable vanes directed towards the mouth of the manikin, i.e. approxi-
mately 60° from the horizontal, was tested at 10 levels of personalized air flow rate, ranging 
from 2L/s to 12.2L/s. 
 
5.1.1 Personalized air velocity profile 
The mean air velocity profile on the centerline of the personalized air flow with the distance 
from the DMG outlet was shown in Figure 5.1 and the corresponding turbulence intensity in 
Figure 5.2. The centerline was approximately 60° from the horizontal, i.e. parallel with the di-
rection of vanes. Data were presented for isothermal condition of 26/26°C. For clarity, only re-
sults measured at six of the ten levels of flow rate were depicted. The maximum flow rate of 
 111
Chapter 5 Results and discussions: desktop-mounted grille (DMG) 
12.2L/s resulted in the highest velocity at each measuring point. At a given flow rate, the veloc-
ity decayed with the increase of the distance from the outlet. 
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Clear trend was also observed for turbulence intensity (Tu), which was calculated as the ratio of 
the standard deviation of the velocity to the mean value of the velocity. The Tu increased with 
the increase of the distance from the DMG outlet and the decrease of the flow rate. Low turbu-
lence intensities (<10%) were obtained when the DMG supplied personalized air at flow rates of 
9.8 and 12.2L/s. 
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5.1.2 Personal exposure effectiveness 
It has been found in previous studies that, in a calm environment, an upward free convection 
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flow existing around the human body or a heated manikin induces and transports air (as well as 
pollutants) from lower heights in the chamber all the way up to the height of head for the stand-
ing position (Homma and Yakiyama, 1988) and the sitting position (Brohus and Nielsen, 1996; 
Melikov et al., 2002). Thus, a significant portion of the air inhaled by the person is from this 
warm and polluted free convection flow. When personalized air flow is supplied, the inhaled air 
temperature and the amount of fresh personalized air in the inhaled air were therefore dependent 
primarily upon the interaction between the invading personalized air flow, which is normally 
directed towards the breathing zone, and the boundary layer of the free convection flow. Exha-
lation is believed to have little impact on the inhaled air because the two independent air jets 
emerging from the nostrils have sufficiently high velocities that they could penetrate the bound-
ary of the free convection flow and spread away from the face. In their study on PV using a 
breathing thermal manikin, Melikov et al. (2002) found the maximum amount of re-inhaled air 
in inhaled air was measured to be lower than 1%. Hyldgard (1994) also indicated that the exha-
lation formed one (from mouth) or two (from nostrils) jets penetrating the boundary layer lo-
cally and no short circuit took place between the exhalation and inhalation at usual conditions. 
 
The personal exposure effectiveness (εP) values obtained under the typical experimental condi-
tions were plotted against personalized air flow rate in Figure 5.3. All of the three curves 
trended upwards rapidly at lower flow rates and were apart, with the curve of non-isothermal 
condition of 26/21°C being located lowermost. This was because the buoyancy force acting on 
the non-isothermally-supplied personalized air flow decelerated its upward movement and 
forced its trajectory to deflect away from its original direction towards the manikin’s face. The 
air was then entrained and transported to the breathing zone by the upward free convection 
around the manikin, heated and polluted before being inhaled. The effect of buoyancy force be-
came weaker when the difference between ambient air temperature and personalized air supply 
temperature was less. When the personalized air flow rate increased, the buoyancy force became 
less influential and the two non-isothermal curves approached the isothermal one progressively 
and all of the three curves became flatter gradually and started overlapping from approximately 
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7L/s onwards. At flow rate range of 7-12.2L/s, the personal exposure effectiveness values of the 
three temperature combinations varied within a fairly narrow band of 0.63-0.7, indicating that 
steady states were approached. 
 
Figure 5.3: Personal exposure effectiveness as a function of personalized air flow rate 


































5.1.3 Inhaled air temperature 
Figure 5.4 shows the manikin inhaled air temperature as a function of personalized air flow rate 
under the three temperature combinations. The inhaled air temperature measured under refer-
ence condition (ambient temperature of 26°C, without PV operating) was approximately 29°C, 
represented by the dashed horizontal line. The 3°C increment from ambient temperature was 
because a large portion of air inhaled by the manikin was from the warm free convection flow 
around its body. As expected, over the range of personalized air flow rate studied, the curve as-
sociated with the condition of 26/21°C was consistently located lowermost and the curve for the 
condition of 26/26°C was consistently located uppermost, with the one for 26/23.5°C being 
sandwiched in between. At flow rates as low as 2L/s-3L/s, personalized air 5°C cooler than the 
ambient air did not lead to inhaled air temperature significantly lower than the other two tem-
perature combinations. The small volume of cool personalized air with low initial momentum 
could not overcome the buoyancy force, was mixed with the ambient air and heated immedi-
ately after it came out from the DMG outlet. A moderate increase of flow rate increased the ini-
tial momentum of the personalized air and therefore to a certain extent mitigated its mixing and 
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heat exchange with the ambient air in the vicinity of the DMG outlet. Nevertheless, when it ap-
proached the manikin’s body, this personalized air was entrained by the rather strong free con-
vection flow and was heated before it reached the mouth. Further increase of flow rate reduced 
the extent of the mixing and the cool personalized air could penetrate the boundary layer of free 
convection at facial parts with lesser temperature rise. Thus, the difference amongst the three 
curves became more significant with the increase of flow rates. Consistent with the curves of 
personal exposure effectiveness in Figure 5.3, the three curves of inhaled air temperature ap-
proached their respective steady states from flow rate of approximately 7L/s onwards. Over this 
range of flow rate, the 2.5°C lowering in personalized air temperature from 26°C to 23.5°C and 
from 23.5°C to 21°C resulted in a corresponding lowering in inhaled air temperature of ap-
proximately 1.4°C and 2.1°C, respectively.  
 
Figure 5.4: Manikin inhaled air temperatures as a function of personalized air flow 






























T=29°C at reference condition
 
5.1.4 Cooling effect 
The cooling effects of the DMG on heat loss from the manikin body segments, as well as the 
whole body, were quantified by calculating ∆teq, i.e. the change in manikin-based equivalent 
temperature from the reference condition without PV. Figure 5.5 shows the cooling effects for 
the whole body and for each upper body segment separately when the personalized air was sup-
plied at a temperature 2.5°C below the room air. For clarity, only results measured at four of the 
ten levels of personalized air flow rate were depicted. As expected, the cooling effect increased 
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with the increase of flow rate. For all flow rate levels the facial parts of the manikin were cooled 
most and hence manifested the lowest measured equivalent temperature. This indicated that the 
vanes of the ATD had been effectively adjusted to attain the highest possible inhaled air quality 
performance. Amongst other upper segments, the hands and forearms had relatively lower 
equivalent temperatures because they were exposed and located closer to the immediate adja-
cent region of the ATD outlet where the discharged air had not fully mixed with the warmer am-
bient air and hence was still relatively cool. Some nonuniformity was observed between the left 
and right facial parts and other upper body segments. Such nonuniformity was probably caused 
by the ATD not being positioned exactly symmetrical to the manikin, and the air distribution 
from the ATD not being entirely uniform. A similar pattern was observed for results obtained 
under temperature combinations of 26/21°C and 26/26°C. 
 
Figure 5.5: Impact of personalized air flow rate on the cooling of manikin whole body 
























































































The temperature difference between ambient and personalized air directly influenced the cool-
ing effect. The ∆teq values for the manikin whole body and individual upper body segments ob-
tained when the personalized air was supplied at a rate of 9.7L/s isothermally and 
non-isothermally (2.5°C and 5°C lower than ambient temperature) were depicted in Figure 5.6. 
As expected, the ∆teq increased with the increase of the temperature difference. Such increments 
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were especially pronounced at the facial parts. A similar pattern was observed for results ob-
tained at other flow rates. 
 
Figure 5.6: Impact of difference between ambient and personalized air temperatures on the 























































































Personalized air flow rate=9.7L/s
 
Figure 5.7 presents the ∆teq at the manikin’s facial parts as a function of personalized air flow 
rate under the three temperature combinations. The ∆teq increased with the increase of flow rate 
and the increase of temperature difference between the personalized air and ambient air. The 
highest cooling effect, i.e. ∆teq equal to 7.2°C, was achieved at the maximum flow rate of 
12.2L/s under non-isothermal condition of 26/21°C. Since the lower part of the body was not 
affected by the PV, substantial thermal asymmetry between facial parts and feet was created. 
However, in a relatively warm environment with a temperature above 24°C, the strong cooling 
of the facial parts may not be disadvantageous because the head has been identified to be an 
efficient dissipater of heat generated from the body (Melikov et al., 1994a). In a relatively cool 
environment, the possible discomfort due to the excessive cooling of facial parts and consequent 
large thermal asymmetry could be avoided either by decreasing the temperature difference be-
tween ambient and personalized air, or by supplying a flow rate as low as 7L/s through this ATD 
without significantly decreasing the percentage of personalized air in the inhaled air and in-
creasing the inhaled air temperature. From the standpoint of inhaled air temperature, lowering 
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the flow rate from 12.2L/s to 7L/s would be preferable than raising the personalized air tem-
perature by 2.5°C or more because the former will not result in as substantial temperature rise of 
inhaled air as the latter. Moreover, relatively lower supply flow rates would be less likely to 
cause draft discomfort. Both lowering the supply flow rate and raising the personalized air tem-
perature are advantageous to energy saving, because energy consumption increases as outdoor 
air flow rate increases and/or its off-coil temperature decreases. 
 
Figure 5.7: ∆Teq at facial parts as a function of personalized air flow rate and the 































As for the DMG’s cooling effect on manikin’s whole body, it followed a similar trend as that on 
facial parts, i.e. increasing with the increase of personalized air flow rate and the increase of 
temperature difference between ambient and personalized air (Figure 5.8). Nevertheless, the 
magnitude of whole-body cooling was much less: the maximum cooling effect achieved at 
maximum flow rate under non-isothermal condition of 26/21°C was less than 1°C. This was 
because the cool personalized air flow only affected limited parts of the upper body: primarily 
the face and to a much less extent some adjacent parts like the neck, the shoulders, and the chest. 
These cooled parts only accounted for a small portion of the entire body area and hence contrib-
uted very little to the cooling effect on the whole body, which was the area-weighted average 
over the 26 body segments. 
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Figure 5.8: Whole-body ∆Teq as a function of personalized air flow rate and the com-

























5.1.5 Draft rating 
The calculated draft rating, as shown in Figure 5.9, revealed that, at flow rates higher than ap-
proximately 7.8L/s, more occupants would complain due to the discomfort of draft under the 
non-isothermal conditions (26/23.5°C and 26/21°C) than under the isothermal condition 
(26/26°C). Moreover, the draft rating increased with the increase of flow rate and the increase of 
the difference between the ambient and personalized air supply temperatures. This was because 
the personalized air supplied at higher flow rates non-isothermally had sufficiently high velocity 
(momentum) to overcome the deceleration caused by the buoyancy force and thus retain the 
relatively low temperature when it reached the measuring probe placed 5cm in front of the 
manikin’s nose. However, when the flow rate was low, the buoyancy force became influential 
gradually. The non-isothermal air flow, originally directed towards the manikin’s face, was de-
flected downwards and had to undergo mixing with the warm upward free convection flow ex-
isting around the heated manikin’s body. By the time it reached the probe, the non-isothermal air 
flow had already gained considerable temperature rise and lost its momentum. The greater the 
difference between the ambient air and personalized air supply temperatures, the bigger the 
magnitude of the buoyancy force and the consequent air temperature rise and momentum loss, 
which counteracted the possible increase of the draft rating due to the low supply temperature. 
Thus, with flow rate decreased, the difference amongst the calculated draft ratings obtained un-
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der the three combinations became less accordingly. From flow rate less than approximately 
7.8L/s, the relative difference of the draft ratings even tended to be reversed, with the curve of 
26/21°C being located lowermost at some flow rate levels. Nevertheless the differences were 
small. Such observation was considerably consistent with that for the three curves of personal 
exposure effectiveness shown in Figure 5.3, which were apart distinctly at flow rates lower than 
approximately 7L/s due to the buoyancy force. The drafting rating less than 15%, as required in 
international standards like ASHRAE 55 (2004) and ISO 7730 (1994), was obtained at flow 
rates lower than 5.8-6.8L/s depending upon the temperature combinations.  
 
Figure 5.9: Draft rating as a function of personalized air flow rate and the combina-


























5.2 Impact of ambient air temperature 
The performance of the DMG was also tested at ambient air temperature of 23.5°C, with per-
sonalized air supplied isothermally and non-isothermally (2.5°C cooler than the ambient air). 
The results are presented and compared with those obtained at ambient air temperature of 26°C 
in the following sections. 
 
5.2.1 Personal exposure effectiveness 
The personal exposure effectiveness as a function of personalized air flow rate was shown in 
Figure 5.10 for temperature combinations of 23.5/23.5°C and 23.5/21°C. The three curves ob-
tained at ambient temperature of 26°C were superimposed in the figure for comparison. Com-
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mon characteristics were found for both ambient temperatures. All curves trended upwards rap-
idly at lower flow rates and subsequently became flatter. From flow rate of approximately 7L/s 
onwards, the increase became marginal and the curves approached their respective steady state. 
Nevertheless, it was clearly shown that over the flow rate range studied, the curves for condi-
tions of 23.5/23.5°C and 23.5/21°C were consistently located below those for conditions of 
26/26°C and 26/23.5°C, respectively. This was caused by the upward free convection flow ex-
isting around the manikin. Its strength increased when the room air temperature decreased 
(Homma and Yakiyama, 1988). Thus, more warm and polluted air surrounding the manikin 
body was entrained by the stronger convection flow. The personalized air encountered more 
resistance from it and was further hindered from penetrating the flow boundary and reaching the 
manikin’s mouth. Consequently, air from the warm and polluted convection flow accounted for 
a larger portion in the mixture inhaled by the manikin. It could be therefore concluded for the 
DMG that, at a given temperature difference between ambient and personalized air (thus the 
magnitude of the buoyancy force acting on the personalized air was constant), the percentage of 
the personalized air in the inhaled air decreased with the decrease of the absolute temperature of 




































Figure 5.10: Impact of ambient air temperature on personal exposure effectiveness 
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5.2.2 Inhaled air temperature 
The decrease of ambient air temperature from 26°C to 23.5°C significantly lowered the inhaled 
air temperature, as shown in Figure 5.11. The two dashed horizontal lines indicated that inhaled 
air temperature measured at the reference condition of 23.5°C was 26.8°C, 2.2°C below that 
measured at reference condition of 26°C. When personalized air was supplied, the inhaled air 
temperature further decreased. The pair of curves for 23.5/23.5°C and 23.5/21°C conditions 
followed the similar trends to its counterpart for 26/26°C and 26/23.5°C: inhaled air temperature 
decreased with the increase of personalized air flow rate and the increase of temperature differ-
ence between ambient and personalized air. Over the studied flow rate range of 2L/s to 12.2L/s, 
the inhaled air temperatures obtained under conditions of 23.5/23.5°C and 23.5/21°C were 
cooler than those under 26/26°C and 26/23.5°C by the ranges of 1.9-2.8°C and 1.9-2.5°C, re-
spectively. 































T=29°C at reference 
condition of 26°C 
 
5.2.3 Cooling effect 
Theoretically, the penetration of the personalized air against the free convection
when room air temperature increases since the strength of the free convection f
Apart from enhancing the ratio of personalized air in the inhaled air as already in
preceding section, this will also increase the cooling power of the personalized
2004). Figure 5.12 compares the cooling effect on the manikin’ facial part, quantif
 T=26.8°C at reference  
perature 
condition of 23.5°C 
 flow is easier 
low decreases. 
dicated in the 
 air (Melikov, 
ied by the ∆teq, 
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between the two isothermal conditions (26/26°C and 23.5/23.5°C) and between the two 
non-isothermal conditions (26/23.5°C and 23.5/21°C). Although all curves trended downwards 
with the increase of flow rate, indicating increasing cooling effects, the isothermal and 
non-isothermal curves at ambient temperature of 23.5°C were consistently located below their 
respective counterparts at ambient temperature of 26°C. Nevertheless, the difference between 
each pair of curves was not very pronounced. Over the flow rate range studied, the increments 
of cooling effect due to the increase of ambient air temperature ranged from approximately 
0.1°C to 0.5°C for isothermal conditions (23.5/23.5°C and 26/26°C) and from approximately 




























Figure 5.12: Impact of ambient air temperature on cooling effect at facial parts 
 
The positive impact of increasing the ambient air temperature on the whole-body cooling effect 
was also observed in Figure 5.13. Compared to ∆teq at facial parts, the whole-body ∆teq had a 
much lesser magnitude due to the fact that the whole-body ∆teq was the area-weighted average 
over the total of 26 body segments. Accordingly, the difference between each pair of curves 
(same temperature difference between ambient and personalized air whereas different absolute 
ambient temperatures) was further marginal. Both shift from 23.5/23.5°C to 26/26°C and that 
from 23.5/21°C to 26/23.5°C yielded a maximum increment of cooling effect of approximately 
0.2°C, achieved at the highest flow rate of 12.2L/s. 
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5.2.4 Draft rating 
The draft rating obtained under 23.5/23.5°C and 23.5/21°C as a function of personalized air 
flow rate was shown in Figure 5.14, with the two curves of 26/26°C and 26/23.5°C superim-
posed for comparison. All curves showed similar general trends: ascending with the increase of 
flow rate. Similar to that at ambient temperature of 26°C, the relative difference between the 
pair of curves at ambient temperature of 23.5°C became more pronounced at high flow rates. At 
a given difference between the ambient and personalized air temperatures (0°C for isothermal 
conditions and 2.5°C for non-isothermal conditions), the impact of the absolute values of the 
two temperatures on the drafting rating was clearly observed at flow rates above 7.8L/s: the 
curves of 23.5/23.5°C and 23.5/21°C were located above their respective counterparts at ambi-
ent temperature of 26°C. Again, at flow rates below 7.8L/s, the two curves of 23.5/23.5°C and 
23.5/21°C tended to overlap and cross and thus the relative difference amongst them was not 
evident. This corroborated the analysis articulated in Section 5.1.5, that the effect of low supply 
temperature on the draft rating measuring in front of the manikin’s face was counteracted by the 
more intensive mixing with the free convection flow caused by the buoyancy force, which be-
came increasingly influential at lower flow rates. 
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Figure 5.14: Impact of ambient air temperature on draft rating 
 
5.3 Impact of vanes’ angle 
The results presented so far were obtained from measurements based on the DMG with its ad-
justable vanes directed towards the manikin’ mouth, from which the air was inhaled. Thus, the 
vanes’ angle was approximately 60° from the horizontal plane. To identify whether the 60° was 
the optimal angle which was capable of delivering the inhaled air of highest quality under both 
isothermal and non-isothermal conditions, the experiments were reproduced with the vanes’ an-
gle being directed towards the manikin’s upper chest and lower chest, i.e. approximately 45° 
and 20° from the horizontal plane, respectively. Another objective was to investigate the extent 
to which the personalized air’s cooling effect on the heat loss from the manikin’s facial parts 
was influenced by the variation of the vanes’ angle. 
 
5.3.1 Personal exposure effectiveness 
The two families of personal exposure effectiveness curves obtained with the vanes’ angle of 
45° and 20° under the typical combinations of ambient and personalized air temperatures 
(26/26°C, 26/23.5°C, and 26/21°C) were presented in Figure 5.15, with the family of curves 
obtained with angle of 60° superimposed for comparison. Common characteristics for the nine 
curves were found. The personal exposure effectiveness for each curve increased rapidly with 
the increase of personalized air flow rate from the initial to a moderate level. With further in-
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crease of the flow rate, the increase of the personal exposure effectiveness became marginal un-
til it approached a steady state value. The “threshold” flow rate beyond which the increase be-
came marginal, i.e. the curve started becoming flatter, was dependent upon the vanes’ angle: 
approximately 7L/s for family of curves obtained with angle of 60°, 9.8L/s for the families of 
curves obtained with angles of 45° and 20°. For the family of curves obtained with angle of ei-
ther 60° or 45°, when the flow rate was below the corresponding threshold, the three curves 
were apart, with the curve for the isothermal condition of 26/26°C being consistently located 
uppermost, the one for the non-isothermal condition of 26/21°C being consistently located low-
ermost., and the one for the non-isothermal condition of 26/23.5°C being sandwiched in be-
tween. The reason for this was because the upward movement of non-isothermally supplied air 
was subject to the buoyancy force, which was proportional to the difference between the ambi-
ent and personalized air temperature. The effect of such buoyancy force became less influential 
with the increase of the flow rate. Thus, at the flow rates beyond the threshold, the isothermal 
and non-isothermal curves approached progressively and even overlapped. However, vanes’ 
angle of 20° yielded a different pattern at the high end of the flow rate levels: the three curves 
were separate evidently, with the one of condition of 26/21°C located lowermost. The highest 
portion of personalized air in the inhaled air achieved at angle of 20° under 26/21°C condition 
was only 0.26. 
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Figure 5.15: Personal exposure effectiveness as a function of personalized air flow 








































Under each temperature combination of the three, the impact of the variation of the angle on the 
personal exposure effectiveness was clearly identified over the flow rate range studied. At a 
given personalized air flow rate, the personal exposure effectiveness decreased with the de-
crease of the vanes’ angle relative to the horizontal plane, i.e. with the original trajectory of the 
personalized air determined by the vanes’ angle varying from being towards the manikin’s 
mouth down to the location of lower chest. For example, when the personalized air was supplied 
at 9.8L/s under condition of 26/23.5°C, the personal exposure effectiveness obtained at vanes’ 
angles of 60°, 45°, and 20° were 0.69, 0.49, and 0.34, respectively. The reason for the decrease 
was because the personalized air supplied at an angle less than 60°, e.g. 20°, first reached the 
boundary layer of the upward free convection flow at the manikin’s lower chest (or even lower 
part when the flow rate was lower and/or the temperature difference between the ambient and 
personalized air was greater) and then was entrained and then transported upwards. By the time 
it reached the inhalation zone, it had already been mixed, heated, and polluted by the warm 
convection flow. Thus, the air inhaled by the manikin was a mixture of personalized air and the 
convection flow. The extent to which the inhaled air was polluted and heated was mitigated 
when the personalized air first hit the boundary layer of the free convection flow at a location 
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closer to the mouth because the personalized air underwent less entrainment with the convection 
flow. Thus, the optimal scenario was that the location where the personalized air first reached 
the boundary layer of the convection flow was the manikin’s mouth. The interaction just oc-
curred in the vicinity of the mouth and therefore the highest possible amount of personalized air 
was inhaled. This was achieved at the angle of approximately 60° from the horizontal plane. 
The worst scenario, as already mentioned above, was when the personalized air 5°C cooler than 
the ambient air was supplied from the grille with vanes’ angle of 20°. The adverse effect of 
buoyancy force, which was proportional to the temperature difference between the ambient and 
personalized air, deflected the airflow downwards away from its original direction towards the 
manikin’s lower chest. Thus, the air hit the boundary layer of the free convection flow at an 
even lower body part and had to experience more intensive mixing and heat exchange with the 
warm and polluted convection flow before it reached the inhalation zone. 
 
It should be remembered that on its way from the grille outlet to the boundary layer of the con-
vection flow, the personalized air inevitably interacted with the warm ambient air over the mi-
croenvironment between the manikin upper body and the grille, leading to certain mixing and 
heat exchange. By the time it reached the boundary layer of the convection flow, the air had al-
ready gained some temperature rise and been polluted to a certain extent (pollutant in the ambi-
ent air, simulated with SF6). Such undesirable effect was pronounced when the personalized air 
had low initial momentum and was supplied non-isothermally. It is also to be noted that, when 
the flow rate was low, under a given temperature combination the three curves differed margin-
ally, indicating that the impact of the vanes’ angle was rather weak. This was because, immedi-
ately after being supplied from the grille outlet at a very low flow rate, i.e. low initial momen-
tum, the personalized air was mixed and heated by the ambient air adjacent to the outlet and its 
original trajectory, as regulated by the vanes, was changed significantly. Thus, at low flow rate 
levels, the vanes’ angle played little role in directing the personalized air whereas the parameters 
of the flow field over the space adjacent to the grille outlet were more influential. 
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5.3.2 Inhaled air temperature 
The variation of vanes’ angle also affected the manikin inhaled air temperature directly. Figure 
5.16 and Figure 5.17 show the inhaled air temperature measured when the DMG was operating 
with its vanes’ angle being adjusted at 45° and 20° from the horizontal plane, respectively. As 
expected, the two families of curves of 45° and 20° show similar trends to the curves of 60°: the 
inhaled air temperature decreased with the increase of personalized air flow rate and the in-
crease of the difference between the ambient air and personalized air temperatures. 
 
Figure 5.16: Inhaled air temperature as a function of personalized air flow rate and 






























T=29°C at reference condition
 
 
Figure 5.17: Inhaled air temperature as a function of personalized air flow rate and 






























T=29°C at reference condition
 
The inhaled air temperature obtained with the DMG operating at three vanes’ angles under each 
of the three typical temperature combinations was plotted against the personalized air flow rate 
in Figures 5.18, 5.19, and 5.20. Consistent with the results of personal exposure effectiveness, 
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the inhaled air temperature measured at a given flow rate under a certain temperature combina-
tion rose with the decrease of the angle. This corroborated the aforesaid explanation for the 
trend of change of personal exposure effectiveness due to the variation of the angle. The smaller 
the angle relative to the horizontal plane, the lower the body part the personalized air first hit the 
boundary layer of the free convection flow, and hence the more intensive entrainment of the 
personalized air with the warm and polluted convection flow. It was found that, at a given flow 
rate, the difference amongst the inhaled air temperatures achieved with the three angles became 
greater with the decrease of the personalized air temperature. Thus, the greatest differences were 
achieved under condition of 26/21°C: the increase of the angle from 20° to 45° and from 45° to 
60° led to an inhaled air temperature drop by approximately 2.5°C and 1.1°C, respectively. The 
reason was that the greater difference between the ambient and personalized air temperatures 
amplified the resultant difference amongst the inhaled air temperatures due to the different 
vanes’ angles. A further amplification was expected for ambient and personalized air tempera-
tures’ difference beyond 5°C. 
 































T=29°C at reference condition
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T=29°C at reference condition
 
5.3.3 Cooling effect on facial parts 
The impact of the vanes’ angle on the cooling effect on the heat loss from the manikin’s facial 
parts was also identified. Figures 5.21, 5.22, and 5.23 present the ∆teq at the manikin’s facial 
parts as a function of personalized air flow rate and vanes’ angle under temperature combina-
tions of 26/26°C, 26/23.5°C, and 26/21°C, respectively. The curves exhibited strong similarities 
to those curves of inhaled air temperature presented in section 5.3.2. Both increase of flow rate 
and increase of vanes’ angle relative to the horizontal plane resulted in a greater ∆teq, i.e. the 
change in manikin facial equivalent temperature from the reference condition without PV. At a 
given flow rate under a certain temperature combination, angle of 60° yielded the greatest ∆teq 
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because the isothermal or cooler personalized air underwent least interaction with the warm free 
convection flow around the heated manikin body before it hit the face. It is noteworthy that, for 
the ∆teq at the angle of 20°, the increase of temperature difference between the ambient and per-
sonalized air from 0 (isothermal condition) to 2.5°C, to 5°C did not lead to an increment as sub-
stantial as those at angles of 45° and 60°. The initial direction regulated by the small angle of 
20° and the buoyancy force due to the 5°C temperature difference together forced the personal-
ized air to undergo intensive entrainment with the ambient air as well as the free convection 
flow before it reached the height of face. Thus, the potential stronger cooling effect by virtue of 
the temperature difference as high as 5°C was substantially attenuated. This was associated with 
the inhaled air temperature only marginally lower than that under temperature combinations of 
26/23.5°C and 26/21°C as well as the curve of percentage of personalized air in the inhaled air 
being consistently located lowermost, as already indicated in preceding corresponding sections. 
 































Chapter 5 Results and discussions: desktop-mounted grille (DMG) 
 





























































5.4 Comparison between DMG and Low-Tu CPP 
The measurement results of the DMG with its adjustable vanes directed towards the manikin’s 
breathing zone, i.e. approximately 60° from the horizontal plane, and the Low-Tu circular per-
forated panel (CPP) were compared from the perspective of personal exposure effectiveness, 
inhaled air temperature, and facial as well as whole-body cooling effect. For brevity, hereinafter 
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5.4.1 Personal exposure effectiveness 
The regressed polynomial curves for the two ATDs showed that the personal exposure effec-
tiveness achieved with DMG at a given flow rate was significantly greater than that achieved 
with the CPP, as shown in Figure 5.24. Some common characteristics were identified for the 
two ATDs. The curves for DMG trended upwards rapidly from flow rate of 2L/s to 5.8L/s and 
then became much flatter and approached their steady states from approximately 7L/s onwards. 
The maximum value of personal exposure effectiveness was 70% when the DMG supplied per-
sonalized air at 12.2L/s under condition of 26/26°C. The curves for CPP showed a similar pat-
tern but at a much lower gradient: the increase in personal exposure effectiveness was larger at 
lower flow rates till approximately 12L/s, after which the increase became marginal. The 
maximum value of 46% was achieved at 17L/s under isothermal condition. For both ATDs, the 
non-isothermal curves were consistently located below their isothermal counterparts at lower 
flow rates because of the buoyancy force. Due to the different locations of the two ATDs in rela-
tion to the manikin, the effects of the free convection flow on the personalized air flow were not 
completely identical. For the CPP, the personalized air flow was directed against the manikin’s 
face and thus transverse and counter to the free convection flow. The interaction of the person-
alized air flow with the free convection flow only took place in front of the manikin’s face. 
Nevertheless, the personal exposure effectiveness values obtained over the flow rate range stud-
ied were low because intensive entrainment with the surrounding air has already occurred be-
fore the personalized air reached the boundary layer of the free convection flow at the face. For 
the DMG, the effect of the upward free convection flow was to a certain extent positive under 
non-isothermal conditions. When the personalized air was supplied non-isothermally at a low 
flow rate, the impact of buoyancy force was pronounced. Upon leaving the grille, the low dy-
namic force (momentum) of the air was not able to counteract the deceleration by the buoyancy 
force and its trajectory was deflected downwards away from its original direction towards the 
breathing zone. When the personalized air stream encountered the upward free convection flow, 
it was entrained and thus its upward movement was accelerated considerably. Thus, the advan-
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tage of being transported to the breathing zone outweighed the disadvantage of being mixed and 
heated. When the flow rate was increased beyond a certain threshold (7L/s), the air had suffi-
cient momentum to overcome the buoyancy force and reach the height of breathing zone on its 
own. Thus, the free convection flow no longer played a significant role in facilitating the up-
ward movement of the personalized air. The portion of personalized air in the inhaled air was 
lowered by increased entrainment of the air around the breathing zone. 
 
Figure 5.24: Comparison of personal exposure effectiveness between DMG and CPP 






























26/26°C, DMG 26/26°C, CPP
26/23.5°C, DMG 26/23.5°C, CPP
23.5/21°C, DMG 23.5/21°C, CPP
 
The impact of the variation in the strength of the free convection flow around the manikin body 
was observed for DMG. The strength of the free convection flow increased when the room air 
temperature decreased (Homma and Yakiyama, 1988), thus accentuating the temperature dif-
ference between the body and the air surrounding it. The stronger convection flow transported 
the personalized air supplied at low flow rates more rapidly to the breathing zone. However, it 
also entrained more air surrounding the body which subsequently became a larger portion in the 
mixture inhaled by the manikin. Consequently, even though the buoyancy force acting on the 
personalized air had the approximately same magnitude under conditions of 26/23.5°C and 
23.5/21°C because of the same absolute difference in temperature between ambient and person-
alized air, the personal exposure effectiveness obtained under 23.5/21°C at a given flow rate 
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was lower than that under 26/23.5°C. However, such potential impact was substantially less for 
the CPP as the contact of the personalized air supplied by the CPP with the convection flow was 
much less: it only occurred when the personalized air reached the front of the mouth. 
 
5.4.2 Inhaled air temperature 
 
Figure 5.25: Comparison of manikin inhaled air temperature between DMG and CPP 



























26/26°C, DMG 26/26°C, CPP
26/23.5°C, DMG 26/23.5°C, CPP
23.5/21°C, DMG 23.5/21°C, CPP
T=29°C at reference 
condition of 26°C 
T=26.8°C at reference 
condition of 23.5°C 
 
Figure 5.25 presented the inhaled air temperature as a function of personalized air flow rate for 
the two ATDs under the three temperature combinations. The two dotted horizontal lines indi-
cate that the inhaled air temperatures measured under reference conditions (without PV) at 26°C 
and 23.5°C were 29°C and 26.8°C, respectively. All curves trended downwards with the in-
crease of flow rate. As expected, the more intensive interaction of the personalized air supplied 
by the DMG with the warm free convection flow yielded relatively higher inhaled air tempera-
ture than the CPP at a given flow rate and temperature combination. The difference between the 
DMG and the CPP was slightly higher at moderate flow rates under 23.5/21°C than under the 
other two temperature combinations because of the increased strength of the free convection 
flow. 
 
5.4.3 Cooling effect 
Under all experimental conditions, the facial parts were cooled most because both the CPP’s 
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outlet panel and the DMG’s adjustable vanes directed the personalized air towards the manikin’s 
head. The ∆teq for facial parts and whole-body was plotted against personalized air flow rate in 
Figures 5.26 and 5.27, respectively. For both ATDs, the ∆teq for facial parts monotonically in-
creased with the increase of flow rate. At a given flow rate, non-isothermal supply caused more 
cooling and thus yielded greater ∆teq than isothermal supply. Under a certain temperature com-
bination, the CPP yielded greater ∆teq when the flow rate reached a certain threshold: approxi-
mately 7L/s for 26/26°C, 5L/s for 26/23.5°C, and 5.5L/s for 23.5/21°C. Below the threshold, the 
DMG appeared to provide more cooling than the CPP. The plausible explanation for this might 
be that, compared to the DMG, the personalized air supplied from the CPP at very low flow 
rates did not have sufficient momentum to substantially reach the face mixing substantially with 
the surrounding air. Consistent with the results of personal exposure effectiveness, the ∆teq for 
facial parts achieved with the DMG was to a certain extent influenced by the variation in the 
strength of the free convection flow around the manikin body: ∆teq is greater under 26/23.5°C 
than under 23.5/21°C. However, the two corresponding curves for the CPP were almost over-
lapping, appearing to be unaffected by such variation in the strength of the convection flow. 
 
Figure 5.26: Comparison of facial cooling effect between DMG and CPP under condi-
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Figure 5.27: Comparison of whole-body cooling effect between DMG and CPP under 




























As expected, the heat loss from the whole body was not affected very much by both ATDs (Fig-
ure 5.27). This was because the effect of personalized air was localized primarily on the facial 
parts and to a lesser extent on some adjacent upper body parts. Although cooling effects on the 
facial parts were considerably pronounced, they contributed very little to the reduction of 
equivalent temperature of the whole body, which was the area-weighted average over the 26 
segments. The highest cooling effect on whole-body achieved with the CPP was -1.2 °C at its 
highest flow rate of 17L/s under 26/23.5°C condition. For the DMG, the highest whole-body 
∆teq was -0.75°C when the flow rate was 12.2L/s under 26/23.5°C condition. Over the flow rate 
range of 2L/s to 10L/s, the cooling effects on the whole-body achieved with both ATDs were 
almost negligible: ∆teq values were less than -0.6°C. 
 
5.4.4 Draft rating 
The calculated draft ratings for the DMG and CPP were compared in Figure 5.28. Under a given 
temperature combination, the curve of DMG and that of CPP intersected at a certain “threshold” 
flow rate of personalized air. At flow rates above the threshold, the DMG yielded a greater value 
of draft rating within the flow rate range. At flow rates below it, the draft rating caused by the 
DMG was much lower than that by the CPP. Different temperature combinations led to different 
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threshold flow rate: approximately 7L/s for 26/26°C, 8.8L/s for 26/23.5°C, and 10L/s for 
23.5/21°C. At very low flow rates, draft ratings obtained with the two ATDs under all tempera-
ture combinations differed very little. It should be borne in mind that the directions in which the 
personalized air supplied from the two ATDs hit the measuring probe located in front of the 
manikin’s face were different: the air from CPP was against the face whereas the air from the 
DMG swept the face upwards and then spread beyond the head region. Thus the draft model 
employed in the present study might overestimate occupants’ draft discomfort when they are 
exposed to the local environmental created with the DMG.  
 
Figure 5.28: Comparison of draft rating between DMG and CPP under conditions of 






























The results of the manikin-based physical measurements with the desk-mounted grille (DMG) 
were reported and discussed. Air quality assessment indices comprised personal exposure effec-
tiveness (εp), i.e. the percentage of personalized air in the inhaled air, and inhaled air tempera-
ture. Thermal comfort assessment indices included the DMG’s cooling effect, i.e. the change in 
manikin-based equivalent temperature from reference condition (∆teq), and draft rating. The fol-
lowing conclusions were drawn: 
 
 The DMG provided considerable improvement of inhaled air quality as measured with the 
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manikin. The maximum εp was approximately 0.7, achieved at the highest flow rate of 
12.2L/s. The dependence of εp on the flow rate above 7L/s was little for both isothermal and 
non-isothermal conditions. At flow rates higher than 7L/s, the dependence of εp on the rela-
tive difference between the personalized air and ambient air temperatures was little. 
 
 The maximum decrease in inhaled air temperature from that measured under reference con-
dition was approximately 5.1°C at flow rate of 12.2L/s under condition of 26/21°C. The de-
pendence of inhaled air temperature on the flow rate above 7L/s was little. 
 
 The manikin’s facial parts were the most cooled body segments. The maximum cooling ef-
fect for the facial parts was -7.2°C and for the whole-body was -0.9°C measured at the high-
est flow rate of 12.2L/s and the temperature difference of 5°C between ambient and person-
alized air (condition of 26/21°C). 
 
 Draft rating increased with the increase of flow rate and the decrease of the personalized air 
temperature.  
 
 Compared to conditions of 26/26°C and 26/23.5°C, the conditions of 23.5/23.5°C and 
23.5/21°C resulted in lower εp and cooling effects for both facial parts and whole-body be-
cause of the increased strength of the free convection flow around the manikin. The inhaled 
air temperature was lower and the draft rating was higher because of the low absolute tem-
peratures. 
 
 The vanes’ angle of 60° from the horizontal plane was identified to be the optimal as it 
yielded highest εp and ∆teq at facial parts and lowest inhaled air temperature. 
 
The comparison between the DMG and the Low-Tu CPP led to following conclusions: 
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 Under a given condition, the DMG yielded a significantly higher εp but slightly warmer in-
haled air than the Low-Tu CPP. The relative cooling effects on facial parts, under a given 
temperature combination, was influenced by the flow rate: below a certain threshold, the 
DMG yielded greater ∆teq; above it, the CPP yielded greater ∆teq. 
 
 The relative difference in draft rating between the two ATDs depended on the flow rate: 
above a certain threshold, the DMG led to higher draft rating; below the threshold, the CPP 
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Chapter 6 Results and discussions: tropically ac-
climatized human response to person-
alized ventilation 
 
This chapter consists of two parts. The first part reports the results of tropically-acclimatized 
subjects’ response to the local environment created with the personalized ventilation system. 
The ATD prototypes used were the Low-Tu CPP and the High-Tu CPP. The experimental pro-
tocol has been elaborated in Chapter 3. Major results to be presented and discussed in the pre-
sent chapter include inhaled air quality, inhaled air temperature, whole-body thermal sensation, 
facial thermal sensation, facial air movement perception and acceptability. The second part 
compares the subjective results with those obtained with the objective measurements with the 
breathing thermal manikin. 
 
6.1 Results of subjective measurements 
6.1.1 Perceived inhaled air temperature 
The perceived inhaled air temperature voted by the subjects at the end of each 15-minute expo-
sure was plotted against the personalized air flow rate in Figures 6.1 and 6.2 for Low-Tu CPP 
and High-Tu CPP, respectively. Each data point stood for the mean value of votes of the 24 sub-
jects. Logarithmic regression was performed for the six data points obtained at the six flow rates 
under each combination of ambient air and personalized air temperatures. It was observed that 
the inhaled air temperature tended to be perceived cooler when the personalized air flow rate 
increased. The effect of the flow rate was significant (p<0.02) for all curves but the two iso-
thermal curves of Low-Tu CPP (23.5/23.5°C: p<0.2; 26/26°C: p<0.07, tending to be significant) 
and the curve under 23.5/21°C of High-Tu CPP (p<0.2). 
 
 142
Chapter 6 Results and discussions: tropically acclimatized human response to personalized ventilation 
The effects of the ambient air temperature as well as the difference between the ambient and 
personalized air temperatures on the perceived inhaled air temperature were also identified for 
both ATDs. For the Low-Tu CPP, the inhaled air was voted significantly cooler (p<0.02) under 
26/23.5°C than 26/26°C consistently over the entire range of flow rates. The pair of 23.5/21°C 
and 23.5/23.5°C showed a similar trend, though significant difference only occurred at three 
flow rates (6.5, 8.2, and 16L/s). For a given relative difference between the ambient air and 
personalized air temperature, i.e. 2.5°C for non-isothermal conditions and 0°C for isothermal 
conditions, the lower the absolute temperatures of the ambient and personalized air, the cooler 
the inhaled air was perceived to be. Thus, the curves of 23.5/21°C and 23.5/23.5°C were con-
sistently located below their respective counterparts, 26/23.5°C and 26/26°C, with significant 
difference existing at each level of flow rate (p<0.03). 
Perceived inhaled air temp.: -3=cold; 0=neutral; +3=hot 
 
Figure 6.1: Perceived inhaled air temperature as a function of personalized air flow 
rate and combination of ambient air and personalized air temperatures (Low-Tu CPP) 
R2 = 0.59

































For the High-Tu CPP, the inhaled air temperatures under the conditions of 23.5/23.5°C and 
23.5/21°C were voted to be equally cool (p>0.2), leading to two curves that were very much 
approaching each other. Under ambient temperature of 26°C, the two curves tended to be more 
apart with the increase of flow rate. Nevertheless, no statistically significant difference was 
found over the flow rate range except at 11.4L/s (p<0.01). Consistent with Low-Tu CPP, the 
inhaled air temperature under condition of 23.5/23.5°C was perceived to be significantly lower 
than that under 26/26 at each of the six flow rate levels. Although the curve of 23.5/21°C was 
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consistently located below that of 26/23.5°C, they were not significantly different over the 
whole range of flow rate. P values lower than 0.05 were only found at flow rate of 3, 6.5, and 
8.2L/s. 



































Figure 6.2: Perceived inhaled air temperature as a function of personalized air flow rate 
and combination of ambient air and personalized air temperatures (High-Tu CPP) 
 
The perceived inhaled air temperature voted under Low-Tu CPP was plotted against that voted 
under High-Tu CPP in Figure 6.3. It was observed that the majority of data points were situated 
in the third quadrant, being distributed in the vicinity of the dashed line which halved the first 
and third quadrants. This indicated that the two ATDs might not lead to too much difference in 
the perceived inhaled air temperature. However, it should be noted that several points obtained 
under non-isothermal conditions were not so close to the dashed line as others, implying sig-
nificant difference likely existed. 
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Statistical analyses were performed to detailedly investigate the difference in perceived inhaled 
air temperature between the Low-Tu CPP and High-Tu CPP. Figure 6.4 (a) through (d) pre-
sented the comparison for conditions of 23.5/21°C, 23.5/23.5°C, 26/23.5°C, and 26/26°C, re-
spectively. The inhaled air temperature obtained with Low-Tu CPP appeared to be lower under 
non-isothermal conditions but higher under isothermal conditions. Nevertheless, significant dif-
ference was only found at several flow rates, as indicated at the ends of the corresponding pairs 
of columns in the histograms. 

















































23.5/23.5°C, Low -Tu CPP
23.5/23.5°C, High-Tu CPP
p<0.05 p<0.02 p<0.09





















































Figure 6.4: Comparison of perceived inhaled air temperature between Low-Tu CPP 
and High-Tu CPP. (a) 23.5/21°C; (b) 23.5/23.5°C; (c) 26/23.5°C; (d) 26/26°C. 
 
6.1.2 Perceived inhaled air quality 
Figure 6.5 and Figure 6.6 presented the perceived inhaled air quality as a function of personal-
ized air flow rate and the combination of ambient and personalized air temperatures for Low-Tu 
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CPP and High-Tu CPP, respectively. For both Low-Tu CPP and High-Tu CPP, the inhaled air 
quality curves trended upwards with the increase of flow rate with the exception of 23.5/21°C 
with Low-Tu CPP. Nevertheless, the difference amongst the flow rates was not statistically sig-
nificant for any curve, indicating that the subjective perception of inhaled air quality was almost 
independent of the personalized air flow rate. This was, however, counterintuitive to the meas-
ured personal exposure effectiveness with the manikin which showed clear upward trends with 
the increase of personalized flow rate under all temperature combinations. More discussion 
about such inconsistency will be given in Section 6.2. 
 
For Low-Tu CPP, the non-isothermal conditions did not yield significant increment of inhaled 
air quality compared to isothermal conditions. For the pair of 23.5/21°C and 23.5/23.5°C, sig-
nificant difference was only found at flow rates of 3 and 11.4L/s (p<0.05). For the pair of 
26/23.5°C and 26/26°C, no significant difference existed. The effects of absolute values of am-
bient and personalized air temperatures were also studied: inhaled air quality under 23.5/21°C 
was perceived to be better than that under 26/23.5°C, with significant difference (p<0.03) found 
at flow rates of 3, 8.2, and 11.4L/s and difference tending to be significant (p<0.08) at flow rate 
of 6.5L/s; condition of 23.5/23.5°C led to inhaled air of better quality than 26/26°C and the dif-


























PAQ: -1=very unacceptable; 0=just unacceptable/just acceptable; +1=very acceptable 
 
Figure 6.5: Perceived inhaled air quality as a function of personalized air flow rate 
and combination of ambient air and personalized air temperatures (Low-Tu CPP) 
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No statistically significant difference between non-isothermal and isothermal conditions under a 
given ambient air temperature was found for High-Tu CPP. Neither was statistically significant 
difference found between inhaled air quality voted under conditions of 23.5/21°C and 26/23.5°C. 
Although the curve of 23.5/23.5°C was located consistently above that of 26/26°C, the differ-
ence was significant (p<0.05) only at flow rate of 11.4L/s and tended to be significant (p<0.06) 
at flow rate of 3L/s. 
R2 = 0.01
R2 = 0.09























PAQ: -1=very unacceptable; 0=just unacceptable/just acceptable; +1=very acceptable 
 
Figure 6.6: Perceived inhaled air quality as a function of personalized air flow rate 
and combination of ambient air and personalized air temperatures (High-Tu CPP) 
 
Figure 6.7 plotted the perceived inhaled air quality under Low-Tu CPP against that under 
High-Tu CPP. Results obtained under all temperature combinations were presented in this scat-
ter plot. All points were located in the first quadrant, indicating that the inhaled air quality was 
perceived by the subjects to be acceptable under all experiment conditions. However, the distri-
bution of the points was not very scattered – all were within a small region with the dashed line 
passing through it. 
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The perceived inhaled air quality obtained with the two ATDs was further compared over the 
range of personalized air flow rates in Figure 6.8 (a) through (d). Under condition of 23.5/21°C, 
the inhaled air quality obtained with Low-Tu CPP was significantly better (p<0.05) than that 
obtained with High-Tu CPP at flow rates of 6.5, 8.2, and 11.4L/s. Under condition of 
23.5/23.5°C, significant difference between the two ATDs was found only at flow rate of 8.2L/s 
(p<0.03). The inhaled air was voted by the subjects to be of almost equivalent quality at ambient 
air temperature of 26°C with the exception of flow rate of 11.4L/s under 26/26°C (p<0.08, 
tending to be significant).  
 
Overall, the inhaled air quality obtained with both ATDs under all conditions were positive and 
varied within a rather narrow band, indicating that the significant difference of personal expo-
sure effectiveness objectively identified with the manikin measurements was not translated into 
significant difference of subjects’ perception of the inhaled air quality. 
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PAQ: -1=very unacceptable; +1=very acceptable; 



















23.5/23.5°C, Low -Tu CPP
23.5/23.5°C, High-Tu CPP
p<0.03
PAQ: -1=very unacceptable; +1=very acceptable; 
0=just unacceptable/just acceptable 
 
PAQ: -1=very unacceptable; +1=very acceptable; 







































26/26°C, Low -Tu CPP
26/26°C, High-Tu CPP
p<0.08
PAQ: -1=very unacceptable; +1=very acceptable; 
0=just unacceptable/just acceptable 
 
Figure 6.8: Comparison of perceived inhaled air quality between Low-Tu CPP and 
High-Tu CPP. (a) 23.5/21°C; (b) 23.5/23.5°C; (c) 26/23.5°C; (d) 26/26°C. 
 
The perceived air quality obtained at all flow rates under all temperature combinations was 
plotted against the corresponding perceived inhaled air temperature for Low-Tu CPP and 
High-Tu CPP respectively, as shown in Figure 6.9. The two trend curves were based on quad-
ratic regression, though the R2 values were not high. It was observed that the majority of the 
data points were located in the region with perceived air temperature ranging from 0 (neutral) to 
-3 (cold) and perceived air quality ranging from +0 (just acceptable) to 1 (very acceptable). This 
indicated that inhaled air perceived as cooler was generally judged to be of better quality. It 
should be noted that people’s perceptions of both inhaled air temperature and quality were to a 
certain extent influenced by their perceptions of other environmental parameters like facial 
thermal sensation, air movement, etc. More discussions in this regard will be given in the fol-
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lowing sections. 
 
Figure 6.9: Perceived inhaled air quality as a function of perceived inhaled air tem-
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6.1.3 Facial thermal sensation 
The subjects were required to rate the thermal sensation at their facial parts three times during 
each 15-minute exposure. The mean votes of the 24 subjects were plotted against the personal-
ized air flow rate under the four combinations of ambient air and personalized air temperatures 
for Low-Tu CPP in Figure 6.10 and for High-Tu CPP in Figure 6.11. Logarithmic regressions 
were used to show the trend curves. The impact of personalized air flow rate on both ATDs un-
der all temperature combinations was statistically significant (p<0.01): the facial thermal sensa-
tion decreased with the increase of flow rate. 
 
As expected, the drop of facial thermal sensation due to non-isothermal supply was significant 
for Low-Tu CPP. The difference between conditions of 26/23.5°C and 26/26°C was statistically 
significant at each flow rate level (p<0.01). The difference between the other pair over the range 
of flow rate, i.e. 23.5/21°C and 23.5/23.5°C, yielded a similar scenario with the exception of 
6.5L/s (p>0.2). For a given relative difference between the ambient air and personalized air 
temperatures, the effect of their absolute values was also identified for the pair of 23.5/21°C and 
26/23.5°C and the pair of 23.5/23.5°C and 26/26°C. The face was sensed to be significantly 
cooler under 23.5/21°C than 26/23.5°C at most flow rates except 6.5 and 11.4L/s (p>0.4). For 
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Facial thermal sensation: -3=cold; 0=neutral; +3=hot  
Figure 6.10: Facial thermal sensation as a function of personalized air flow rate and 
combination of ambient air and personalized air temperatures (Low-Tu CPP) 
 
As for High-Tu CPP, significant difference was found at less flow rate levels between 
non-isothermal and isothermal conditions under the same ambient temperature. The facial ther-
mal sensation voted under 23.5/21°C differed significantly (p<0.01) from that voted under 
23.5/23/5 only at three levels of flow rate, i.e. 6.5, 11.4, and 16L/s. For the comparison between 
26/23.5°C and 26/26°C, all flow rates but 3 and 6.5L/s yielded significant difference (p<0.02). 
No consistent significant difference was observed over the flow rate range between 23.5/21°C 
and 26/23.5°C and between 23.5/23.5°C and 26/26°C. Significant difference (p<0.01) and dif-
ference tending to be significant (p<0.07) was only found at flow rates of 3, 6.5, and 16L/s for 
the former pair and at flow rates of 3, 6.5, and 11.4L/s for the latter one. 
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Facial thermal sensation: -3=cold; 0=neutral; +3=hot 
 
Figure 6.11: Facial thermal sensation as a function of personalized air flow rate and 
combination of ambient air and personalized air temperatures (High-Tu CPP) 
 
Figure 6.12 presented the results of facial thermal sensation obtained under both Low-Tu CPP 
and High-Tu CPP for all temperature combinations. High-Tu CPP was the abscissa whereas 
Low-Tu was the ordinate. The majority of data points were located in the third quadrant. Some 
points were situated on the dashed line which divided both the first and the third quadrants into 
two parts, indicating that the facial thermal sensation voted under one ATD was almost the same 
as that under the other ATD. Most of other points in the third quadrant were in the half below 
the dashed line, suggesting that subjects felt their facial parts slightly cooler when the Low-Tu 
CPP was employed. However, the significance of such difference in thermal sensation needed to 
be ascertained using statistical test. 
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Figure 6.13 (a) through (d) presented the comparison results for the four temperature combina-
tions. Under condition of 23.5/21°C, the Low-Tu CPP generally led to cooler thermal sensation 
at the subjects’ facial parts than the High-Tu CPP with significant difference (p<0.01) found at 
all flow rate levels except 11.4L/s. Under conditions of 23.5/23.5°C and 26/23.5°C, the facial 
thermal sensation obtained with Low-Tu CPP was significantly cooler (p<0.01) than that ob-
tained with the High-Tu CPP only at flow rates of 11.4 and 16L/s and at flow rates of 3, 6.5, and 
16L/s, respectively. However, under condition of 26/26°C, the Low-Tu CPP appeared to result 
in warmer thermal sensation at facial parts at flow rate of 11.4 and 13.5L/s (p<0.01). The ex-















































































Facial thermal sensation: -3=cold; 0=neutral; +3=hot Facial thermal sensation: -3=cold; 0=neutral; +3=hot
 
Figure 6.13: Comparison of facial thermal sensation between Low-Tu CPP and 



























6.1.4 Whole-body thermal sensation 
Figure 6.14 and Figure 6.15 presented the subjects’ whole-body thermal sensation as a function 
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of personalized air flow rate and combination of ambient and personalized air temperatures for 
Low-Tu CPP and High-Tu CPP, respectively. All curves, based on logarithmic regression, 
trended downwards, indicating that the whole-body thermal sensation became cooler with the 
increase of flow rate. Results of statistical analyses showed that the effect of flow rate was sig-
nificant (p<0.02) for both ATDs under all temperature combinations. 
 
Similar to facial thermal sensation, the effect of non-isothermal supply was also observed for 
the whole-body thermal sensation experienced with the Low-Tu CPP. The curve of 26/23.5°C 
lay consistently below that of 26/26°C. At each level of flow rate, the difference between them 
was statistically significant (p<0.01). Although the curves of 23.5/21°C and 23.5/23.5°C became 
more apart with the increase of flow rate, significant difference (p<0.04) was only identified at 
three flow rates, i.e. 6.5, 13.5, and 16L/s. At a certain relative difference between ambient and 
personalized air temperatures, the influence of the variation of the absolute values of the two 
temperatures on the whole-body thermal sensation was found to be significant (p<0.01): the 
subjects sensed their body as a whole to be cooler under 23.5/21°C and 23.5/23.5°C than under 
their respective counterparts, i.e. 26/23.5°C and 26/26°C. 
Whole-body thermal sensation: -3=cold; 0=neutral; +3=hot  
Figure 6.14: Whole-body thermal sensation as a function of personalized air flow rate 

































As for High-Tu CPP, the results under 23.5/21°C did not show significant difference from those 
under 23.5/23.5°C over the entire range of flow rates with the exception of 8.2L/s (p<0.04). The 
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curves of 26/23.5°C and 26/26 were consistently apart with statistically significant difference 
(p<0.01) occurring at flow rates of 8.2, 11.4, 13.5, and 16L/s. The whole-body thermal sensation 
voted under 23.5/23.5°C differed significantly (p<0.01) from that under 26/26°C over the entire 
range of flow rates whereas the difference between 23.5/21°C and 26/23.5 was significant 
































Whole-body thermal sensation: -3=cold; 0=neutral; +3=hot  
Figure 6.15: Whole-body thermal sensation as a function of personalized air flow rate 
and combination of ambient air and personalized air temperatures (High-Tu CPP) 
 
The whole-body thermal sensation voted under Low-Tu CPP was plotted as a function of that 
voted under High-Tu CPP for the four temperature combinations in Figure 6.16. Except several 
particular points, the majority of the data points were situated in the vicinity of the dashed line 
halving the first and the third quadrants. This indicated that, under most experimental conditions, 
the whole-body thermal sensation voted when the Low-Tu CPP was operating did not differ too 
much from that voted when the High-Tu CPP was operating. The difference was tested using 
statistical techniques in the following. 
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The whole-body thermal sensation obtained with the two ATDs was compared under each of the 
four temperature combinations in Figure 6.17 (a) through (d). Under conditions of 23.5/23.5°C, 
26/23.5°C, and 26/26°C, the Low-Tu CPP appeared to yield slightly warmer whole-body ther-
mal sensation than the High-Tu CPP, though significant difference was found only at few flow 
rates, as indicated at the ends of the corresponding pairs of columns in the histograms. On the 
contrary, the thermal sensation of the body as a whole tended to be cooler when the Low-Tu 
CPP was employed under condition of 23.5/21°C. Again, significant difference was only shown 
















































23.5/23.5°C, Low -Tu CPP
23.5/23.5°C, High-Tu CPP
p<0.01
Whole-body thermal sensation: -3=cold; 0=neutral; +3=hot Whole-body thermal sensation: -3=cold; 0=neutral; +3=hot
 
 156
Chapter 6 Results and discussions: tropically acclimatized human response to personalized ventilation 
 
Figure 6.17: Comparison of whole-body thermal sensation between Low-Tu CPP and 



























































The whole-body thermal sensation was plotted as a function of the facial thermal sensation un-
der each of the four temperature combinations in Figure 6.18 and Figure 6.19. Figure 6.18 pre-
sented the data of Low-Tu CPP and Figure 6.19 presented the data of High-Tu CPP. The corre-
lations between the two parameters under different conditions were tested with linear regression 
and fairly strong correlation coefficients were obtained. Generally, when the facial parts were 
sensed cooler, the thermal sensation of the body as a whole was correspondingly became cooler. 
Under non-isothermal and isothermal conditions at ambient temperature of 23.5°C, both facial 
and whole-body thermal sensations were voted to be minus for both ATDs, manifesting that 
necessary cooling has been provided effectively. Nevertheless, under conditions at ambient 
temperature of 26°C, some subjects felt slightly warm despite that their facial thermal sensa-
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6.1.5 Facial air movement perception and acceptability 
6.1.5.1 Facial air movement perception 
Figure 6.20 and Figure 6.21 showed the facial air movement perception as a function of flow 
rate and temperature combination for Low-Tu CPP and High-Tu CPP, respectively. The vote 
scale used was a 7-point one, ranging from -3 to +3. The denotations of the numerical values are: 
(-3) much too still, (-2) too still, (-1) slightly still, (0) just right, (+1) slightly breezy, (+2) too 
breezy, (+3) much too breezy. All trend curves shown were based on logarithmic regression. 
The effects of personalized flow rate on the perception of air movement at facial parts were 
found to be significant (p<0.01) for both ATDs under all temperature combinations: the air 
movement was perceived to be breezier with the increase of flow rate. 
 
For Low-Tu CPP, the curve of 23.5/21°C lay above that of 23.5/23.5°C, indicating stronger air 
movement at facial parts was sensed. Significant difference (p<0.01) was found at four flow rate 
levels: 3, 8.2, 11.4, and 16L/s. The pair of curves under ambient temperature of 26°C exhibited 
a similar pattern with significant difference (p<0.01) found at all flow rates except 16L/s. The 
curves of 23.5/21°C and 26/23.5°C crossed at flow rate of approximately 6.5L/s, beyond which 
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26/23.5°C resulted in significantly lower (p<0.01) perception of air movement at 8.2, 13.5, and 
16L/s. The curve of 23.5/23.5°C was located consistently above that of 26/26°C with significant 
difference (p<0.01) occurring at flow rates of 3, 6.5, 8.2, 11.4, and 13.5L/s.  
 
Figure 6.20: Facial air movement perception as a function of personalized air flow 



































Facial air movement perception: -3=much too still; 0=just right; +3=much too breezy 
 
The curves of 23.5/21°C and 23.5/23.5°C obtained with the High-Tu CPP, however, presented 
an opposite relative difference to that of the Low-Tu CPP. The curve of 23.5/23.5°C was con-
sistently above that of 23.5/21°C with significant difference (p<0.05) identified at flow rates of 
6.5, 8.2, 13.5, and 16L/s. The curve of 26/23.5°C lay consistently above that of 26/26°C but the 
distance in between was less than that between the two curves at ambient temperature of 23.5°C. 
However, subjects felt significantly stronger (p<0.04) air movement at facial parts under 
26/23.5°C only at three flow rate levels: 3, 8.2, and 11.4L/s. At 6.5 L/s, the difference tended to 
be significant (p<0.09). The impact of absolute values of the ambient and personalized air tem-
peratures on the perception was clearly identified for isothermal conditions: the votes under 
23.5/23.5 were significantly higher (p<0.05) than those under 26/26°C over the entire flow rate 
range. For the non-isothermal pair, i.e. 23.5/21°C and 26/23.5°C, significant difference (p<0.01) 
only occurred at flow rates of 8.2 and 11.4L/s.  
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Facial air movement perception: -3=much too still; 0=just right; +3=much too breezy 
 
Figure 6.21: Facial air movement perception as a function of personalized air flow rate 
and combination of ambient air and personalized air temperatures (High-Tu CPP) 
 
The subjects’ perception of the facial air movement varied to a certain extent when they were 
exposed to the personalized air stream supplied from the two different prototypes of ATD. In 
Figure 6.22, the votes obtained under Low-Tu CPP were plotted against those under High-Tu 
CPP to give a general indication of the relative difference between the two sets of results. It was 
observed that most data points were located close to the 45° dashed line, which halved both the 
first and third quadrants. This indicated that, with other environmental parameters kept un-
changed, the perception of the air movement at facial parts might not be affected too much by 
the ATD. However, it should be noted that there were some points, obtained under 
non-isothermal conditions, rather away from the 45° line. 
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More specific comparisons between the two sets of response were made over the range of per-
sonalized air flow rate under each of the four temperature combinations in Figure 6.23 (a) 
through (d). For non-isothermal conditions of 23.5/21°C and 26/23.5°C, subjects felt signifi-
cantly stronger air movement at facial parts at the lower and higher ends of flow rate supplied 
by the Low-Tu CPP, as indicated by the p-values in the histograms. At middle levels of flow rate 
such as 11.4L/s, the High-Tu CPP yielded higher votes of perception (p<0.01). For isothermal 
condition of 23.5/23.5°C, the air movement at the facial parts achieved with the Low-Tu CPP 
was perceived to be significantly stronger (p<0.05) at 3L/s but significantly weaker (p<0.05) at 
6.5 and 13.5L/s. Under condition of 26/26°C, the Low-Tu CPP differed significantly from the 



































Figure 6.23: Comparison of facial air movement perception between Low-Tu CPP and 
High-Tu CPP. (a) 23.5/21°C; (b) 23.5/23.5°C; (c) 26/23.5°C; (d) 26/26°C. 
 
Facial air movement perception: -3=much too still; 































Facial air movement perception: -3=much too still; 

































Facial air movement perception: -3=much too still; 
































Facial air movement perception: -3=much too still; 
0=just right; +3=much too breezy 
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6.1.5.2 Facial air movement acceptability 
Apart from rating the perception of air movement at their facial parts, the subjects were also 
required to indicate whether or not such air movement was acceptable. Linear visual analogue 
scale was used. The scale’s two end-points were coded as -1 (very unacceptable) and +1 (very 
acceptable), with an interval in between at -0 (just unacceptable) and +0 (just acceptable). 
Figure 6.24 and Figure 6.25 presented the results for Low-Tu CPP and High-Tu CPP, respec-
tively.  
 
For the Low-Tu CPP, with the personalized air rate increasing from 3L/s to the maximum of 
16L/s, the family of curves, based on quadratic regression, trended upwards till they reached 
their respective peak points and then went downwards. The flow rate at which a certain peak 
point was reached was dependent upon the combination of ambient and personalized air tem-
peratures: approximately 8.2L/s for 23.5/21°C, 11.4L/s for 23.5/23.5°C, 11.4L/s for 26/23.5°C, 
and 13.5L/s for 26/26°C. Such effects of flow rate on the acceptability were found to be signifi-
cant (p<0.05) for all of the four temperature combinations. At a given ambient temperature, the 
difference in terms of the acceptability of air movement at facial parts between non-isothermal 
and isothermal supply was investigated: facial air movement under condition of 23.5/21°C was 
perceived to be more acceptable (p<0.01) than that under 23.5/23.5°C at flow rates of 3, 11.4, 
and 13.5L/s but less acceptable (p<0.01) at 16L/s. Such a significant drop of acceptability was 
probably due to the strong draft sensation and possible overcooling at the facial parts. The 
curves of 26/23.5°C and 26/26°C were most apart at 3L/s and approached gradually with the 
increase of flow rate. Significant difference (p<0.02) was found at 3, 6.5, and 11.4L/s. As com-
pared to the votes under 26/26°C, the condition of 23.5/23.5°C yielded significantly higher 
(p<0.01) acceptability at flow rates of 3, 6.5, and 8.2L/s and relatively higher acceptability 
(p<0.07, tending to be significant) at 13.5L/s. Similarly, the facial air movement under 
23.5/21°C was sensed to be more acceptable (p<0.03) than under 26/23.5°C at 3, 6.5, 8.2, and 
13.5L/s. Nevertheless, like observed in the comparison between 23.5/21°C and 23.5/23.5°C, the 
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acceptability of the facial air movement under 23.5/21°C was voted to be less acceptable 
(p<0.01) at 16L/s than that under 26/23.5°C. Although the relative difference between ambient 
and personalized air temperatures was at the same magnitude (2.5°C), the cooler temperatures 
of 23.5/21°C led to a higher risk of overcooling and draft sensation especially when the person-



































Facial air movement acceptability: -1=very unacceptable; +1=very acceptable; 
0=just unacceptable/just acceptable 
 
Figure 6.24: Facial air movement acceptability as a function of personalized air flow 
rate and combination of ambient air and personalized air temperatures (Low-Tu CPP) 
 
As for the results obtained with the High-Tu CPP, no obvious peak points were observed for all 
curves within the flow rate range studied expect the one of 26/26°C, which was similar to its 
counterpart of Low-Tu CPP. However, the three curves of 23.5/21°C, 23.5/23.5, and 26/23.5 
trended upwards fast at relatively lower flow rates and became flat gradually with the further 
increase of flow rate, indicating a tendency of approaching peak points. The effect of flow rate 
was significant (p<0.01) for all curves. Contrary to the acceptability under Low-Tu but consis-
tent with the air movement perception under High-Tu (Figure 6.21), the curve of 23.5/23.5 was 
located consistently above that of 23.5/21°C, with significant difference (p<0.04) found at 3, 6.5, 
and 16L/s. For the other pair of 26/23.5°C and 26/26°C, the non-isothermal condition generally 
yielded higher acceptability at most flow rates (p<0.01 at 6.5 and 16L/s) with the exception of 
8.2L/s, at which the acceptability was significantly lower (p<0.01) than that under the isother-
mal condition. At a certain relative difference between ambient air and personalized air tem-
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peratures, i.e. 2.5°C for non-isothermal conditions and 0°C for isothermal conditions, the abso-
lute values of the two temperatures did have some influence on the acceptability of the facial air 
movement. The curve of 23.5/23.5°C lay consistently above that of 26/26°C and the difference 
was significant (p<0.01) at flow rates of 3, 6.5, 11.4, and 16L/s. The regression curves of 
23.5/21°C and 26/23.5°C were very much close to each other, significant difference (p<0.01) 



































Facial air movement acceptability: -1=very unacceptable; +1=very acceptable; 
0=just unacceptable/just acceptable 
 
Figure 6.25: Facial air movement acceptability as a function of personalized air flow rate 
and combination of ambient air and personalized air temperatures (High-Tu CPP) 
 
Figure 6.26 presented the results of Low-Tu CPP as a function of those of High-Tu under all of 
the four temperature combinations. The majority of data points were located within the first and 
third quadrants, being in the vicinity of the 45° line halving the quadrants. It was noteworthy 
that several points voted under non-isothermal supply conditions were in the second quadrant 
and away from the 45° line, suggesting that the facial air movement achieved with the Low-Tu 
CPP was perceived to be more acceptable than that achieved with the High-Tu CPP. These 
points represented the voting results obtained when the personalized air flow rate was relatively 
low. As shown in the aforesaid Figure 6.23 (a) and (c) in which the perception of facial air 
movement was compared between two ATDs under non-isothermal conditions, at flow rate of 3 
and 6.5L/s the perception under High-Tu CPP was within -0.5 to -1.5 (-1=slightly still), being 
significantly lower than that under Low-Tu CPP.  
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The comparison between the two ATDs in terms of facial air movement acceptability was pre-
sented in Figure 6.27 (a) through (d), each of which showed the results under a certain tempera-
ture combination. For the two non-isothermal conditions, the Low-Tu CPP resulted in higher 
acceptability at relatively lower flow rates. Conversely, with the increase of flow rates, the ac-
ceptability tended to be higher when High-Tu CPP was used. The reason for this might be the 
more focused cool airstream supplied by the Low-Tu CPP, though preferred by the tropically 
acclimatized subjects when the flow rates were low, caused undesirable overcooling and thus 
strong draft sensation at high flow rates like 13.5 and 16L/s. Under isothermal condition of 
23.5/23.5°C, generally the facial air movement achieved by the High-Tu CPP was more accept-
able (p<0.03) at flow rates above 11.4L/s. When the ambient and personalized air was as warm 
as 26°C, almost no difference existed between the two ATDs over the range of flow rate with the 
exception of 13.5L/s. 
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Facial air movement acceptability: -1=very unacceptable; 
+1=very acceptable; 0=just unacceptable/just acceptable
Facial air movement acceptability: -1=very unacceptable; 


































































































Facial air movement acceptability: -1=very unacceptable; 
+1=very acceptable; 0=just unacceptable/just acceptable
Facial air movement acceptability: -1=very unacceptable; 































Figure 6.27: Comparison of facial air movement acceptability between Low-Tu CPP 
and High-Tu CPP. (a) 23.5/21°C; (b) 23.5/23.5°C; (c) 26/23.5°C; (d) 26/26°C. 
 
The facial air movement acceptability as a function of facial air movement perception under 
each of the four temperature combinations was presented in Figure 6.28 and Figure 6.29 for 
Low-Tu CPP and High-Tu CPP, respectively. For the Low-Tu CPP, all curves, based on quad-
ratic regression, trended upwards with the perception increasing from minus values to plus val-
ues and then became flatter gradually and approached peak points. For the two curves under 
23.5/21°C and 23.5/23.5°C, they started turning downwards at the perception of approximately 
0.3. Overall, the trend characteristics of the four curves manifested strong similarities to the 
curves of acceptability as a function of personalized air flow rate shown in Figure 6.24. Thus, it 
could be concluded that too little or too much air movement was perceived as less acceptable by 
the tropically acclimatized subjects. Too much air movement was unacceptable because it was 
most likely to cause overcooling and draft problem at the facial parts. The peak points of curves 
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under ambient temperature of 26°C were located at the right of those under ambient temperature 
of 23.5°C, suggesting that more personalized air was preferred in a warmer ambient environ-
ment. 
 
Figure 6.28: Facial air movement acceptability as a function of facial air movement 

















-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0






















urves obtained under the High-Tu CPP, however, did not display obvious convex shape like C
their counterparts under the Low-Tu CPP. This was considerably similar to the family of curves 
of air movement acceptability as a function of flow rate. The plausible explanation for this was 
that the personalized air supplied by the High-Tu CPP was not as focused on the facial parts as 
that supplied by the Low-Tu CPP and thus less likely to cause undesirable overcooling and draft 
sensation. Therefore, within the range of flow rates studied, the air movement at facial parts was 
judged to be increasingly acceptable, like the Low-Tu CPP curves before reaching their peak 
points. Nevertheless, it is expected that further increase of the flow rate and subsequently the 
increase of the air movement perception will not monotonically enhance the acceptability. The 
vote of acceptability will reach its maximum and then decline when the personalized air sup-
plied from the High-Tu CPP was sufficiently strong and perceived to be less desirable. 
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Figure 6.29: Facial air movement acceptability as a function of facial air movement 
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6.1.6 Multiple linear regression analysis 
Owing to the fact that the correlations between the perceived inhaled air quality and perceived 
inhaled air temperature for both Low-Tu CPP and High-Tu CPP were rather weak (R2<0.5), it 
was hypothesized that these two parameters might be affected by other subjective perceptions 
like thermal sensation and air movement perception. Thus, multiple linear regression models 
were explored to test the hypothesis. 
 
It was found that, under conditions with Low-Tu CPP operating, the subjects’ perceived inhaled 
air quality (PIAQ) was significantly affected by their perception of inhaled air temperature 
(PIAT), facial air movement perception (FAMP), and facial air movement acceptability (FAMA). 
Similarly, the PIAT was significantly affected by the facial thermal sensation (FTS), FAMP, and 
FAMA. However, these two models were not applicable to the results obtained under conditions 
of High-Tu CPP. No multiple linear model was found for PIAQ. PIAT was observed to be af-
fected by FTS and FAMP. However, the p-value of regression coefficient of FAMP was 0.06, 
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Table 6.1: Multiple linear regression statistics 
Low-Tu CPP High-Tu CPP 
PIAQ=f(PIAT, FAMP, FAMA) PIAT=f(FTS, FAMP, FAMA) PIAT=f(FTS, FAMP) 
R2=0.68 R2=0.88 R2=0.75 
 Coeffi-cient P-value  
Coeffi-
cient P-value  
Coef-
ficient P-value
Intercept 0.1132 0.0000 Inter-cept 0.3766 0.0262
Inter-
cept 0.0765 0.6624
PIAT -0.0782 0.0047 FTS 1.5716 0.0000 FTS 1.3684 0.0000 
FAMP -0.0463 0.0377 FAMP 0.6393 0.0019 FAMP 0.2714 0.0653
FAMA 0.3780 0.0005 FAMA -0.9133 0.0440    
 
6.2 Comparison of subjective responses and physical parameters 
The average responses from the 24 tropically acclimatized subjects, as presented and discussed 
in the preceding sections, were compared with the corresponding physical parameters measured 
with the breathing thermal manikin under identical experimental conditions. In order to reflect 
the considerable individual variability existing amongst the subjects, the average values of the 
subjective responses in the graphs were plotted with error bars representing the standard devia-
tions of the votes. 
 
Figure 6.30 presented the inhaled air quality perceived by the subjects as a function of the per-
sonal exposure effectiveness (εp) under the four temperature combinations with the Low-Tu CPP 
operating. Each data point was the average value of the 24 subjects exposed to a certain condi-
tion. The two ends of the error bar represented the standard deviation of the set of data consist-
ing of 24 values. It was clearly observed that the quality of the same inhaled air voted by dif-
ferent subjects varied to a great extent. Under some conditions (defined by a certain personal-
ized air flow rate and a certain combination of ambient and personalized air temperatures), for 
some subjects the inhaled air, i.e. the “mixture” of fresh personalized air and the ambient air, 
was clearly acceptable, while for others it was perceived as unacceptable. The εp, presented on 
the abscissa axis, showed that the highest percentage of personalized air in the inhaled air of the 
manikin was approximately 46%. Nevertheless, such high εp values were not accompanied with 
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corresponding high votes of perceived inhaled air quality as expected originally. Rather, over 
the entire spectrum of εp, which was achieved with the personalized air flow rate ranging from 3 
to 16L/s, the distribution of the average votes of inhaled air quality varied within a considerably 
narrow band of 0.15 to 0.36, without exhibiting any obvious tendency against the εp. Linear re-
gression between the perception and the εp was performed and the R2 was found to be lower 
than 0.01, indicating that the enhanced εp identified objectively had insignificant influence on 
the subjects’ perception of their inhaled air quality. One plausible explanation for this might be 
that the ambient environment of the chamber was sufficiently clean. Apart from the computers 
that were more than 3 years old and the subjects themselves, no extra pollutant load was im-
posed. Thus, subjects generally perceived the quality of their inhaled air as acceptable. The pro-
vision of fresh personalized air did not enhance their perception. Moreover, the increment of the 
portion of the personalized air in the inhaled air due to the increase of flow rate was not very 
pronounced (the maximum of εp was merely 46%) so that it could not be sensed by the subjects. 
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Figure 6.30: Perceived inhaled air quality as a function of personal exposure effective-
ness (εp). Data presented for Low-Tu CPP under all temperature combinations. 
(Symbols at mid-points represent mean values and end of error bars denotes 1 standard deviation) 
 
The scenario achieved with the High-Tu CPP showed a strong similarity to that of the Low-Tu 
CPP (Figure 6.31). Large interpersonal variations in the perception were observed under all ex-
perimental conditions. The greatest difference in the votes of the 24 subjects, i.e. the maximum 
and minimum votes, spanned over the entire scale ranging from -1 to +1, occurring under con-
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dition of 26/26°C when the High-Tu CPP supplied personalized air at a flow rate of 3L/s. Again, 
no evident relationship between the perceived inhaled air quality and the εp was identified. The 
average perception of the air quality, varying within a range of 0.12 to 0.27, appeared to be in-
dependent of the increased portion of fresh personalized air in the inhaled air (R2 value of the 
linear regression of the two variables under all conditions was less than 0.1). The primary dif-
ference from the scatter plot in Figure 6.30 was that the highest εp achieved with the High-Tu 
CPP was approximately 32%, lower than that achieved with the Low-Tu CPP. Nevertheless, 
such difference was not translated into the difference in the subjects’ perception of the inhale air 
quality, as already discussed in Section 6.1.2.   
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Figure 6.31: Perceived inhaled air quality as a function of personal exposure effective-
ness (εp). Data presented for High-Tu CPP under all temperature combinations. 
(Symbols at mid-points represent mean values and end of error bars denotes 1 standard deviation) 
 
The inhaled air temperature perceived by the subjects was plotted against the inhaled air tem-
perature measured with the breathing thermal manikin in the following two figures. Figure 6.32 
presented the data for Low-Tu CPP and Figure 6.33 for High-Tu CPP. Although considerable 
individual variability existed within the 24 subjects under each condition, the average values of 
their votes, however, showed a clear trend: they increased with the increase of the measured 
inhaled air temperature. The relationship between the two parameters was corroborated by the 
fairly high R2 (0.81) of linear regression. Such a result was in line with the expectation that the 
variations in inhaled air temperature caused by different personalized air flow rates and different 
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combinations of ambient and personalized air temperature could be perceived by the majority of 
the subjects. 
 
Figure 6.32: Perceived inhaled air temperature as a function of measured inhaled air tem-
perature (tinh). Data presented for Low-Tu CPP under all temperature combinations. 
(Symbols at mid-points represent mean values and end of error bars denotes 1 standard deviation) 
 
Results obtained with the High-Tu CPP led to a similar pattern, as shown in Figure 6.33. The 
data points, i.e. the average votes of the subjects exposed to different conditions, trended up-
wards with the measured inhaled air became warmer. Nevertheless, the R2 of the linear regres-
sion, 0.74, was slightly lower than that of the Low-Tu. It was noteworthy that the linear trend-
line of High-Tu CPP, as represented by the dashed line, had a smaller slope than that of Low-Tu 
CPP because, under a given temperature combination, the personalized air supplied from the 
Low-Tu CPP was able to lower the inhaled air temperature to a greater extent than the air sup-
plied from the High-Tu CPP at the same flow rate. 
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Figure 6.33: Perceived inhaled air temperature as a function of measured inhaled air tem-
perature (tinh). Data presented for High-Tu CPP under all temperature combinations. 
(Symbols at mid-points represent mean values and end of error bars denotes 1 standard deviation) 
 
The air movement generated by the personalized air promoted the convective heat transfer from 
the body and consequently affected the subjects’ thermal sensation, especially their facial parts 
which were directly exposed to the transverse personalized air flow. Such impact has been iden-
tified by both the objective measurement with the breathing thermal manikin and the subjective 
response obtained from 24 tropically acclimatized participants. Therefore, it was of interest to 
investigate the extent to which the variations of the personalized air’s cooling effect on the heat 
loss from the thermal manikin were translated into the corresponding thermal sensation voted by 
the subjects exposed to identical experimental conditions. The facial thermal sensation voted 
under temperature combinations of 23.5/21°C and 23.5/23.5°C was plotted against the corre-
sponding cooling effect (∆teq) at the manikin’s facial parts in Figure 6.34 for Low-Tu CPP. The 
∆teq varied from approximately 0°C, when the effect of the personalized air was little (very low 
flow rate and/or isothermal supply), down to -7.9°C, when the Low-Tu CPP supplied the air at 
the highest rate of 16L/s non-isothermally. The corresponding thermal sensation at the subjects’ 
facial parts ranged from approximately -0.25 to -2.1. The error bar at each side of a certain data 
point, i.e. the mean value of the 72 votes from the 24 subjects under this certain condition, rep-
resented the standard deviation of the facial thermal sensation. The correlation between the 
mean facial thermal sensation and the ∆teq at facial parts was tested with linear regression. A R2 









21 22 23 24 25 26 27 28 29 30























Chapter 6 Results and discussions: tropically acclimatized human response to personalized ventilation 
value of 0.79 was obtained. The regressed line of the mean thermal sensation trended down-
wards with the increase of the ∆teq, indicating that the enhanced cooling effect achieved by sup-
plying cooler personalized air at high flow rates could be sensed by most subjects and was con-
sequently translated into their votes on facial thermal sensation. Results obtained under condi-
tions of 26/23.5°C and 26/26°C (Figure 6.35) gave a similar pattern with a slightly smaller R2 
value (0.71). Previous research on the human response to personalized ventilation showed simi-
lar relationships between the localized cooling effects and the mean local thermal sensation 
votes for the corresponding body segments (Kaczmarczyk, 2003). It was found that the votes of 
mean local thermal sensation decreased with the increase of the ∆teq for the corresponding body 
segment. Such tendency was slightly more evident at a higher ambient temperature. However, 
the highest R2 values of linear regression were only 0.68 for arms and 0.51 for face. 
 
Figure 6.34: Facial thermal sensation as a function of ∆teq at facial parts. Data presented 
for Low-Tu CPP under temperature combinations of 23.5/21°C and 23.5/23.5°C. 
(Symbols at mid-points represent mean values and end of error bars denotes 1 standard deviation) 
 
Facial thermal sensation: -3=cold; 0=neutral; +3=hot 
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Figure 6.35: Facial thermal sensation as a function of ∆teq at facial parts. Data pre-
sented for Low-Tu CPP under temperature combinations of 26/23.5°C and 26/26°C. 
(Symbols at mid-points represent mean values and end of error bars denotes 1 standard deviation) 
 
Results obtained with the High-Tu CPP at ambient temperatures of 23.5°C and 26°C were 
shown in Figure 6.36 and Figure 6.37, respectively. As expected, the facial thermal sensation 
shifted towards lower values when the ∆teq increased. The coefficients of determination (R2) 
were 0.65 and 0.74 for ambient temperatures of 23.5°C and 26°C, respectively. It should be 
pointed out that the maximum of cooling effect on the facial parts achieved with the High-Tu 
CPP under all of the four temperature combinations was approximately -5.2°C, 2.7°C lower 
than that achieved with the Low-Tu CPP. Correspondingly, the low end of the range of mean 
thermal sensation decreased to -1.3°C, approximately 0.8°C lower than that under the Low-Tu 
CPP. In fact, such decrement of cooling effect existed over the entire flow rate range studied 
under both isothermal and non-isothermal conditions. This was because the longer potential 
core region of the personalized air jet supplied from the Low-Tu CPP made its cooling effect 
more localized and concentrated at the manikin’s facial parts. The personalized air supplied 
from the High-Tu CPP, however, promoted mixing with the surrounding ambient air and was 
more divergent. Thus, the personalized air hitting the manikin’s face had less momentum and 
higher temperature. Nevertheless, the significant difference in the cooling effect identified be-
tween the two ATDs did not lead to corresponding difference in subjects’ thermal sensation at 
Facial thermal sensation: -3=cold; 0=neutral; +3=hot 
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facial parts which had been expected to take place under each condition. Detailed comparisons 
between the facial thermal sensation voted under the two ATDs were given in the preceding 
Section 6.1.3.  
 
Figure 6.36: Facial thermal sensation as a function of ∆teq at facial parts. Data presented 
for High-Tu CPP under temperature combinations of 23.5/21°C and 23.5/23.5°C. 
(Symbols at mid-points represent mean values and end of error bars denotes 1 standard deviation) 
 
 
Figure 6.37: Facial thermal sensation as a function of ∆teq at facial parts. Data pre-
sented for High-Tu CPP under temperature combinations of 26/23.5°C and 26/26°C. 
(Symbols at mid-points represent mean values and end of error bars denotes 1 standard deviation) 
 
Figure 6.38 and Figure 6.39 showed the whole-body thermal sensation voted by the subjects as 
a function of the whole-body ∆teq measured with the manikin when the Low-Tu CPP was used. 
Facial thermal sensation: -3=cold; 0=neutral; +3=hot 
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Results of conditions of 23.5/21°C and 23.5/23.5°C were shown in Figure 6.38 and those of 
26/23.5°C and 26/26°C in Figure 6.39. The mean values of the whole-body thermal sensation 
varied from -0.3 to -1.4 at ambient temperature of 23.5°C and from 0.6 to -0.6 at ambient tem-
perature of 26°C. With the increase of the ∆teq, most subjects felt their bodies as a whole cooler 
and thus the mean whole-body thermal sensation votes decreased. The error bars for each mean 
value indicated that considerable individual variability existed amongst the subjects. Nilsson et 
al. (1997) also reported large individual variations in the whole-body thermal sensation. It was 
found that, for the change of 2°C in whole-body ∆teq under summer conditions, 80% of people 
would vote thermal sensation within an acceptable range defined as ±0.8 units on a seven-point 
thermal sensation scale. 
 
Linear regression was performed to find out how the subjective whole-body thermal sensation 
was correlated with the objective whole-body ∆teq. The R2 values obtained were 0.66 for the 
scatter plots of conditions of 23.5/21°C and 23.5/23.5°C and 0.50 for the other pair of condi-
tions at ambient temperature of 26°C. Similar tendency of the variation of whole-body thermal 
sensation as a function of the whole-body ∆teq measured with the manikin was found by 
Kaczmarczyk (2003) but much higher R2 values were obtained: 0.94 for condition of 26/20°C 
and 0.93 for 23/20°C. Nevertheless, the results cannot be compared directly with the present 
study because Kaczmarczyk’s linear regression models were based on six data points, each of 
which represented the mean whole-body thermal sensation voted under a certain 
ATD/combination of two ATDs. Furthermore, in the referred study, the subjects were allowed to 
adjust the personalized air flow rate and the position of the ATDs to achieve their preferred con-
ditions. In the present study, the subjects were not given such opportunities. All flow rates levels 
were set by the experiment leader and subjects were required to keep a constant distance from 
the ATD outlet. 
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Figure 6.38: Whole-body thermal sensation as a function of whole-body ∆teq. Data pre-
sented for Low-Tu CPP under temperature combinations of 23.5/21°C and 23.5/23.5°C. 
(Symbols at mid-points represent mean values and end of error bars denotes 1 standard deviation) 
 
 
Figure 6.39: Whole-body thermal sensation as a function of whole-body ∆teq. Data pre-
sented for Low-Tu CPP under temperature combinations of 26/23.5°C and 26/26°C. 
(Symbols at mid-points represent mean values and end of error bars denotes 1 standard deviation) 
 
A similar pattern of distribution of data under High-Tu CPP prevailed in Figure 6.40, in which 
the mean whole-body thermal sensation voted by the 24 subjects exposed to conditions of 
26/23.5°C and 26/26°C was plotted against the corresponding whole-body ∆teq measured with 
the manikin. The increased ∆teq accompanied the cooler thermal sensation. The linear regression 
yielded a R2 value of 0.61. However, the whole-body thermal sensation voted under isothermal 
and non-isothermal conditions at ambient temperature of 23.5°C (Figure 6.41), varying within 
Whole-body thermal sensation: -3=cold; 0=neutral; +3=hot 
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the range of approximately -0.3 to -0.8, appeared to be independent of the increase of ∆teq 
(R2<0.1).  
 
Figure 6.40: Whole-body thermal sensation as a function of whole-body ∆teq. Data pre-
sented for High-Tu CPP under temperature combinations of 26/23.5°C and 26/26°C. 
(Symbols at mid-points represent mean values and end of error bars denotes 1 standard deviation) 
 
 
Figure 6.41: Whole-body thermal sensation as a function of whole-body ∆teq. Data pre-
sented for High-Tu CPP under temperature combinations of 23.5/21°C and 23.5/23.5°C. 
(Symbols at mid-points represent mean values and end of error bars denotes 1 standard deviation) 
 
The facial air movement acceptability was plotted against the corresponding calculated draft 
rating for Low-Tu CPP in Figure 6.42 and for High-Tu CPP in Figure 6.43. In each figure, the 
data obtained at all personalized air flow rates under the four combinations of ambient and per-
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sonalized air temperatures were pooled. The value on the ordinate axis of each data point repre-
sented the mean facial air movement acceptability of the 24 subjects under a certain condition 
and that on the abscissa axis was the calculated draft rating under the identical condition. Simi-
lar to the aforesaid subjective responses, large individual variability was observed amongst the 
subjects. The two error bars for each mean value of facial air movement acceptability repre-
sented the standard deviation of that set of votes.  
 
It was observed in both figures that most data points were located above the “0” on the accept-
ability scale and the several ones with minus values of acceptability were accompanied with 
draft rating values lower than 20%. This suggested that the subjects preferred relatively stronger 
air movement at their facial parts. As already reported and discussed in Section 6.1.5.2, the ac-
ceptability trended upwards till a certain peak point was reached and then went downwards, in-
dicating that flow rate beyond a certain level was perceived to be too strong. Such trend was 
particularly evident for Low-Tu CPP because of its stronger air flow focusing on the facial parts 
than the High-Tu CPP at a same flow rate. As one of governing factors, a higher air velocity 
(flow rate) elevates the calculated draft rating. Thus, the facial air movement acceptability as a 
function of the draft rating exhibited a similar trend to it as a function of the flow rate. The ac-
ceptability increased with the rise of draft rating from very low values to a certain “threshold”, 
beyond which the acceptability tended to decrease gradually. For both CPPs, such threshold oc-
curred at drafting rating of approximately 60%. The curve of High-Tu CPP did not display an 
apparent convex shape like that of its Low-Tu counterpart as the maximum draft rating obtained 
with the High-Tu CPP was lower. However, the section of the curve beyond draft rating of 60% 
was rather flat and already showed some tendency of descending. It was therefore expected that 
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Facial air movement acceptability: -1=very unacceptable; +1=very acceptable; 































Figure 6.42: Facial air movement acceptability vs. Draft rating. Data presented for 
Low-Tu CPP under all temperature combinations. 
(Symbols at mid-points represent mean values and end of error bars denotes 1 standard deviation) 
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Figure 6.43: Facial air movement acceptability vs. Draft rating. Data presented for 
High-Tu CPP under all temperature combinations. 
(Symbols at mid-points represent mean values and end of error bars denotes 1 standard deviation) 
 
A pilot study of PV in the tropical climate has found that facial air movement acceptability in-
creased at higher draft rating values (Sekhar et al., 2003a). However, the referred study had only 
11 subjects involved and 18 experimental conditions and the calculated draft rating values were 
generally lower than 15%. Thus, the significance of the present study, which employed 24 sub-
jects and designed 48 conditions (2 ATD × 6 levels of flow rate × 4 temperature combinations), 
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was that it underpinned the previous findings of Sekhar et al. and identified a much broader 
range of draft rating (up to 60%) within which facial air movement were perceived by the 
tropically acclimatized subjects to be increasingly acceptable at higher draft rating values.  
 
The significant implication of this finding is the tropically acclimatized subjects’ preference to 
cool and strong air movement to a great extent eliminates the need to make a comprise between 
improved inhaled air quality and intensified risk of local thermal discomfort due to draft – a 
problem that applications of PV in temperate climates have widely identified and been con-
fronted with. Thus, in tropical climates, the design of PV ATD aiming for delivering cool in-
haled air containing high percentage of fresh personalize air would be less constrained by the 
consideration of potential draft risk caused by close position of ATD in relation to occupants and 
strong local air movement. A properly-designed PV system, applied in tropical context, would 
have greater potential to achieve good quality of inhaled air and promote thermal comfort si-
multaneously. 
 
Nevertheless, it should be noted that the correlation between the two parameters, observed using 
quadratic regression, was found to be weak: the R2 value was 0.43 for Low-Tu CPP and 0.68 for 
High-Tu CPP. Thus, the above findings and discussions could only be considered as preliminary 
and necessitate further substantiation with more intensive measurements involving larger sam-
ple size and more rigorous experimental protocols. 
 
Although some expected relationships have been identified between the mean subjective re-
sponses and the corresponding objective results measured with the breathing thermal manikin, it 
should be noted that there were some limitations that hindered further significant conclusions 
from being drawn from the comparisons. One limitation was the relatively small sample size (24) 
of the tropically acclimatized subjects participating in the measurements. This made the inter-
personal variation a very important factor to be taken into account. Thus attempting to obtain 
any reliable models from data collected from the 24 subjects would be very much likely to give 
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rise to large errors. Another limitation was that, although the subjects were instructed to sit up-
right and keep the distance between their faces and the ATD outlet panels almost unchanged 
throughout the course of exposure, this was, however, impossible to be achieved completely. 
The different body postures taken by the subjects as well as their movements were inevitable 
and consequently their body's positions relative to the ATD varied to a certain extent and the 
airflow pattern might have been affected. This resulted in the discrepancies between the envi-
ronmental conditions the manikin was exposed to and the various conditions that each subject 
was actually exposed to. Further elaborate studies that minimize the above-mentioned limita-
tions are needed in order to reinforce and prove the correlations between the objective and sub-
jective results more affirmatively and conclusively. 
 
6.3 Summary 
This chapter presented the results of subjective measurements. Major responses discussed in-
cluded perceived inhaled air temperature, perceived inhaled air quality, facial thermal sensation, 
whole-body thermal sensation, facial air movement perception and acceptability. The results 
were also compared with the physical parameters measured with the breathing thermal manikin. 
The following conclusions were led to: 
 
 Large individual variability in perception of air quality and thermal environment created 
with the PV system existed amongst the subjects. 
 
 The subjective perception was strongly affected by the personalized air flow rate, tempera-
ture, turbulence intensity, and the ambient air temperature.  
 
 Fairly strong correlations were found between the subjects’ facial thermal sensation and 
whole-body thermal sensation and between facial air movement perception and acceptability. 
However the correlation between perceived inhaled air quality and temperature was rather 
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weak. 
 
 Multiple linear regression models were explored for perceived inhaled air quality (PIAQ) 
and temperature (PIAT) as a function of other responses. For Low-Tu CPP, PIAT related to 
facial thermal sensation (FTS), facial air movement perception (FAMP), and facial air 
movement acceptability (FAMA); and PIAQ related to PIAT, FAMP, and FAMA. For 
High-Tu CPP, PIAT related to FTS and FAMP.  
 
 Certain relations between the mean subjective responses and the corresponding physical pa-
rameters measured with the manikin were observed with the exception of perceived inhaled 
air quality, which appeared to be independent of the personal exposure effectiveness (εp). 
 
 The draft rating below 60% was positively judged by the tropically acclimatized subjects: 








Chapter 7 Conclusions 
Chapter 7 Conclusions and recommendations 
 
7.1 Conclusions 
The present research work was embarked on with the following objectives: 
 
1. To evaluate and compare the performance of three prototypes of air terminal devices (ATD) 
for personalized ventilation (PV); 
 
2. To investigate tropically-acclimatized subjects’ response to the local environment created 
with the PV, with the emphasis being placed upon perceived inhaled air temperature and 
quality, facial air movement perception and acceptability, and facial and whole-body ther-
mal sensation. 
 
The three ATD prototypes were: circular perforated panel supplying personalized air at low ini-
tial turbulence intensity (abbreviated as Low-Tu CPP), circular perforated panel supplying per-
sonalized air at high initial turbulence intensity (abbreviated as High-Tu CPP), and desk-
top-mounted grille with adjustable horizontal vanes (abbreviated as DMG). Major performance 
assessment indices included personal exposure effectiveness (εp, the percentage of personalized 
air in the inhaled air), inhaled air temperature, ∆teq (change in manikin-based equivalent tem-
perature, teq, from the reference condition without PV), and draft rating.  
 
The experimental conditions under which the Low-Tu CPP and High-Tu CPP were tested were 
identical: four combinations of ambient and personalized air temperatures (26/26°C, 26/23.5°C, 
23.5/23.5°C, and 23.5/21°C) and nine levels of personalized air flow rate ranging from 3 to 
17/18.8L/s (maximum of 17L/s for Low-Tu CPP and 18.8L/s for High-Tu CPP). It was found 
that: 
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 Both CPPs were able to enhance the portion of fresh personalized air in the inhaled air, 
lower the inhaled air temperature, and provide more cooling effects as compared with refer-
ence conditions without PV.  
 
 The impact of turbulence intensity was significant: under a certain temperature combination, 
Low-Tu CPP yielded significantly higher personal exposure effectiveness and lower inhaled 
air temperature than High-Tu CPP over the flow rate range studied. The maximum values of 
εp achieved with the Low-Tu CPP and High-Tu CPP at the highest flow rates were approxi-
mately 0.46 and 0.35, respectively.  
 
 The maximum facial and whole-body cooling effects were -8.6°C and -1.3°C for Low-Tu 
CPP and -6.1°C and -1.2°C for High-Tu CPP. Under a given temperature combination, 
Low-Tu CPP yielded significantly greater facial cooling effect than High-Tu CPP over the 
flow rate range. However, whole-body cooling effect appeared to be much less affected by 
the turbulence intensity.  
 
 Under an identical condition, the calculated draft rating of Low-Tu CPP was significantly 
higher than that of High-Tu CPP. The reason was that the effect of the low air temperature 
and high velocity achieved with the Low-Tu CPP at the measuring point far outweighed that 
of the high turbulence intensity caused by the High-Tu CPP. 
 
The DMG with its vanes adjusted at approximately 60° from the horizontal plane, i.e. directed 
towards the manikin’s mouth from which air was inhaled, was tested under three temperature 
combinations (26/26°C, 26/23.5°C, and 26/21°C) at ten flow rate levels ranging from 2L/s to 
12.2L/s. The following conclusions were drawn: 
 
 The εp increased with the increase of the personalized air flow rate up to approximately 7L/s, 
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beyond which the effect of increasing flow rate on the increase of εp was marginal. At flow 
rates higher than 7L/s, the dependence of εp on the relative difference between the personal-
ized air and ambient air temperatures was little. The maximum εp of 0.7 was achieved at the 
highest flow rate of 12.2L/s.  
 
 The inhaled air temperature decreased with the increase of the relative difference between 
the ambient and personalized air temperatures. The maximum decrease in inhaled air tem-
perature from that measured under reference condition was approximately 5.1°C at flow rate 
of 12.2L/s under condition of 26/21°C. The dependence of inhaled air temperature on the 
flow rate above 7L/s was little.  
 
 The manikin’s facial parts were the most cooled body segments. The maximum cooling ef-
fect was -7.2°C for the facial parts and -0.9°C for the whole-body achieved at the highest 
flow rate of 12.2L/s under condition of 26/21°C. The calculated draft rating increased with 
the increase of flow rate and the decrease of the personalized air temperature. 
 
The impact of the variation of the absolute temperatures of the ambient and personalized air on 
the DMG’s performance was identified by performing the testing under temperature combina-
tions of 23.5/23.5°C and 23.5/21°C at the ten flow rate levels. It has been shown that: 
 
 Compared to conditions of 26/26°C and 26/23.5°C, the conditions of 23.5/23.5°C and 
23.5/21°C resulted in lower εp and cooling effects for both facial parts and whole-body be-
cause of the increased strength of the free convection flow around the manikin.  
 
 The cooler temperature combinations led to significantly lower temperatures of inhaled air 
and greater draft rating values. 
 
Supplementary measurements performed with the DMG’s vanes set at 45° and 20° from the 
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horizontal plane indicated that: 
 
 The 60° was the optimal angle to deliver inhaled air of best quality (highest εp and lowest 
inhaled air temperature) and strongest cooling effect at facial parts. 
 
The comparison between the DMG and the Low-Tu CPP revealed that:  
 
 Under a given temperature combination, the DMG yielded a significantly higher εp but 
slightly warmer inhaled air than the Low-Tu CPP over the flow rate range studied.  
 
 The relative difference in cooling effects on facial parts between the two ATDs was influ-
enced by the flow rate: below a certain threshold, the DMG yielded greater ∆teq; above it, the 
CPP yielded greater ∆teq. The threshold flow rate was determined by the specific temperature 
combination.  
 
 The relative difference in draft rating between the two ATDs depended upon the flow rate: 
the two curves intersected at a certain point. On the two sides of the point, the relative posi-
tion of the curves reversed. The flow rate corresponding to this point varied with different 
temperature combinations. 
 
The ATD prototypes used in the subjective measurements were Low-Tu CPP and High-Tu CPP. 
The combinations of ambient and personalized air temperatures adopted were identical to those 
in the objective measurements with the manikin, i.e. 26/26°C, 26/23.5°C, 23.5/23.5°C, and 
23.5/21°C. Less levels of personalized air flow rate were supplied (six out of the nine, i.e. 3, 6.5, 
8.2, 11.4, 13.5, and 16L/s). Twenty-four tropically acclimatized subjects participated in the ex-
periments. Each subject underwent 48 conditions, i.e. 4 (temperature combinations) by 6 (per-
sonalized air flow rates) by 2 (ATD prototypes), in a reasonably randomized sequence. The 
subjective study led to following conclusions: 
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 Large individual variability in perception of the local environment created with the PV ex-
isted amongst the 24 subjects exposed to an identical condition.  
 
 Subjective perceptions were strongly affected by the personalized air flow rate, temperature, 
turbulence intensity, and the ambient air temperature.  
 
 Fairly strong correlations were found between the subjects’ facial thermal sensation and 
whole-body thermal sensation (for High-Tu CPP, R2≥ 0.83 for each temperature combination; 
for Low-Tu CPP, R2≥ 0.90 for 26/26°C, 26/23.5°C, and 23.5/21°C, R2=0.67 for 23.5/23.5°C) 
and between facial air movement perception and acceptability (for High-Tu CPP, R2≥0.88 
for each temperature combination; for Low-Tu CPP, R2≥ 0.89 for 26/26°C, 23.5/23.5°C, and 
23.5/21°C, R2= 0.64 for 26/23.5°C). However, the correlation between perceived inhaled air 
quality and temperature was rather weak (R2<0.43).  
 
 Multiple linear regression models were established for perceived inhaled air quality (PIAQ) 
and temperature (PIAT) as a function of other responses. For Low-Tu CPP, PIAT related to 
facial thermal sensation (FTS), facial air movement perception (FAMP), and facial air 
movement acceptability (FAMA); and PIAQ related to PIAT, FAMP, and FAMA. For 
High-Tu CPP, PIAT related to FTS and FAMP. 
 
 Certain correlations between the mean subjective responses and the corresponding physical 
parameters measured with the manikin were observed. Linear regression of the perceived 
inhaled air temperature as a function of measured inhaled air temperature yielded a R2 value 
of 0.81 for Low-Tu CPP and 0.74 for High-Tu CPP. R2 values for the correlation between the 
facial thermal sensation and the corresponding ∆teq at facial parts were 0.79 for Low-Tu CPP 
at ambient temperature of 23.5°C, 0.71 for Low-Tu CPP at ambient of 26°C, 0.65 for 
High-Tu CPP at ambient of 23.5°C, and 0.74 for High-Tu CPP at ambient of 26°C. As for 
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the correlations between the whole-body thermal sensation and the whole-body ∆teq, the ob-
tained R2 values were relatively lower: 0.66 for ambient of 23.5°C and 0.50 for ambient of 
26°C when Low-Tu CPP was employed; 0.61 for ambient of 26°C and less than 0.1 for am-
bient of 23.5°C when the High-Tu CPP was operating. The exception was perceived inhaled 
air quality, which appeared to be independent of the personal exposure effectiveness (εp). 
 
 The calculated draft rating below 60% was positively judged by the tropically acclimatized 
subjects: higher facial air movement acceptability was accompanied with higher draft rating. 
This substantiated the previous finding of PV study in tropical climate (Sekhar et al., 2005) 
and identified a much broader acceptable range of draft rating (up to 60%) than the narrow 
range of 0 to 15% reported in the referred study.  
 
7.2 Recommendations 
Based on the findings of present study, it is recommended that future research work of person-
alized ventilation should take into consideration the following:  
 
 Investigation on the CPPs revealed that the perceived inhaled air quality voted by the sub-
jects appeared to be independent of the variation of the percentage of personalized air in the 
inhaled air (εp) measured with a breathing thermal manikin. The plausible explanations 
might be a) the ambient environment in the chamber was sufficiently clean and b) the εp 
values achieved with the CPPs were low (maximum of 46% at highest flow rate of 17L/s 
supplied from Low-Tu CPP). However, such hypotheses remain to be proven. Thus, it is 
suggested that the experiments are reproduced under a higher ambient pollution level. Re-
sults from subjective measurements with the DMG, which yielded much greater εp values 
than CPPs, are also of importance to address the research question. 
 
 The maximum percentage of personalized air in the inhaled air (εp) was 70% in the present 
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study, achieved with the DMG at the highest flow rate of 12.2L/s. This is much lower than 
the ideal 100% which personalized ventilation is aimed at. Thus, there is a need to design 
and develop ATDs with high efficiency (high εp at low flow rate). The efforts should be 
made to ensure a long potential core region of the personalized air flow. As already indicated 
in the present study, the inhaled air is dependent primarily upon the interaction amongst the 
personalized air flow, upward free convection flow around the human/manikin body, and the 
respiration air flow Thus, an insight into the fundamental fluid flow characteristics in the vi-
cinity of the inhalation zone where the aforesaid interaction occurs will provide useful inputs 
for the design optimization of ATDs. This would involve computational fluid dynamics 
(CFD) simulations. It is to be noted that the extent to which the geometry of a numerical 
breathing thermal manikin resembles a real human body directly determines the accuracy of 
simulation results. Therefore, 3-D laser scanning technique would be involved to obtain all 
fine surface characteristics and extremities of human body, especially of the head. 
 
 The manikin employed in the present study is not equipped with the sweating function, 
which is the practical limitation of the present study. A complete model of heat exchange 
needs to be developed, and this is a topic of further research. Once sweating has been suc-
cessfully incorporated into the manikin, a more precise measurement of the sensible and la-
tent heat exchange would be achieved. 
 
 The research protocol with regard to subjective measurements should be extended to a larger 
sample size of tropically acclimatized participants in a larger space which bears as strong 
resemblance to a real office environment as possible. Preferably the measurements could be 
conducted in a real office equipped with PV system. The impact of the local environment 
created with PV on the sick building syndrome (SBS) symptoms and occupants’ productivity 
is of interest to be explored. 
 
 Subjective responses have revealed large individual variability in perception of the local 
 191
Chapter 7 Conclusions 
thermal environment. Thus, in future study of PV, subjects should be given the possibility to 
control over the parameters of personalized air (temperature, flow rate, flow direction, and 
possibly the position of ATD) according to individual preferences. The range of individual 
control most frequently selected by the majority of subjects would be used as important ref-
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Constants C for manikin’s body segments determined through calibration 
 
No. Body segments Constants C values (K.m2/W) 
1 L. Foot 0.221 
2 R. Foot 0.221 
3 L. Low leg 0.190 
4 R. Low leg 0.192 
5 L. Front Thigh 0.259 
6 R. Front Thigh 0.272 
7 L. Back thigh 0.311 
8 R. Back thigh 0.303 
9 Pelvis 0.371 
10 Back side 0.260 
11 Skull (forehead) 0.493 
12 L. face 0.239 
13 R. Face 0.203 
14 Back of neck 0.314 
15 L. Hand 0.165 
16 R. Hand 0.157 
17 L. Forearm 0.170 
18 R. Forearm 0.161 
19 L. Upper arm out 0.249 
20 R. Upper arm out 0.265 
21 L. Upper arm in 0.345 
22 R. Upper arm in 0.340 
23 L. Chest 0.357 
24 R. Chest 0.353 
25 L. Back 0.311 
26 R. Back 0.308 





















Appendix B: Calibration curves of personalized 
air flow rate as a function of PV fan frequency for 






















































































































































Questionnaire 1 (used to assess the environment under PV) 
When time = 5, 10, 15 minutes or at reference condition 
1. Thermal Sensation 
Please enter a number in each of the 6 boxes in the diagram below to indicate the 
thermal sensation of each body section. The 7-value numerical scale to be used appears 
in the table below: 
+3 Hot 
+2 Warm 
+1 Slightly warm 
0 Neutral 




Please also assess your thermal sensation for your whole body: 
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2. Air Movement Perception 
Please enter a number in each of the 5 boxes in the diagram below to indicate the air 
movement perception of each body section. The 7-value numerical scale to be used 
appears in the table below. If you don’t feel any air movement, just choose “No” in the 
corresponding box. 
+3 much too breezy 
+2 too breezy 
+1 slightly breezy 
0 just right 
-1 slightly still 
-2 too still 
-3 much too still 
 
 
a1 Please assess the air movement on the facial part 
    Very       Just 
 Acceptable  Acceptable 
       Just     Very 
Unacceptable   Unacceptable  
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a2. Please indicate the change in the air movement preferred on the facial part? 
 
b. If you feel any air movement other than facial part, 
b1 Please assess the air movement on neck 
 
b2. Please indicate the change in the air movement preferred on neck? 
 
b3. Please assess the air movement on chest, shoulder and upper arm 
 
b4. Please indicate the change in the air movement preferred on chest, shoulder and 
upper arm? 
 
b5. Please assess the air movement on lower arm and hands 








    Less air 
movement 






    Very       Just 
 Acceptable  Acceptable 
       Just     Very 
Unacceptable   Unacceptable
More air 
movement 
    Very       Just 
 Acceptable  Acceptable 
       Just     Very 
Unacceptable   Unacceptable
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    Very       Just 
 Acceptable  Acceptable 
       Just     Very 
Unacceptable   Unacceptable  
b6. Please indicate the change in the air movement preferred on lower arm and hands? 
 
b7. Please assess the air movement on lower body 
 





















    Very       Just 
 Acceptable  Acceptable 
       Just     Very 
Unacceptable   Unacceptable
          
Satisfied    
More air 
movement 
    Less air 
movement 
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Questionnaire 2 (Thermal comfort, IAQ, SBS, productivity)
When time = 15 minutes or reference condition 
1. Thermal Comfort for your body: 
 
2.  Indoor Air Quality 
a Please assess the inhaled air temperature :  
 
b. Please assess the inhaled air humidity: 
 
c. Please assess the inhaled air quality : 
 
d.  Please assess the odour of inhaled air: 
 
e. Please assess the freshness of inhaled air: 
 
 
     Air 
   Stuffy 
              Air  
               Fresh 
    Very 
Unacceptable 
       Just
  Unacceptable 
     Just
  Acceptable 
   Very
  Acceptable 
    Very 
Unacceptable 
       Just
  Unacceptable 
     Just
  Acceptable 
   Very
  Acceptable 
     
 Humid 
               
            Dry 
     
       Cold 
               
            Hot 
      No  
    Odour 
     Overwhelming 
           Odour 
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4. Evaluation of noise level: 
    
Dissatisfied 
 
5. Evaluation of lighting level: 
    
Dissatisfied 
 
6. Evaluation of ergonomics level: 
    
Dissatisfied 
 
7. Additional info: Do you wear contact lens?               Yes 
 
            
Satisfied     
 
              
Satisfied        
 
              
Satisfied        
           No   
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